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Abstract
Upadhyay M.R. (2019). Genomic variation across European cattle: contribution of gene-
flow. Joint Ph.D. thesis, between Swedish University of Agricultural Sciences, Sweden
and Wageningen University and Research, the Netherlands.
European cattle display vast phenotypic diversity which can be attributed to genomic vari-
ation such as single nucleotide polymorphisms (SNPs) and structural variations (SVs).The
distribution of these genomic variations in a population is heavily influenced by differ-
ent population genomic forces. In this thesis,I used genome-wide SNPs to characterize
genomic variation and admixture across different European cattle populations. Broadly,I
show the difference in the domestication histories for north-western and southern Eu-
ropean cattle.I argue that this difference can be attributed to a differential pattern of
genomic admixture involving wild local aurochs and zebu cattle. Genomic admixture
analysis revealed share ancestry between Balkan and Italian cattle (BAI) breeds, and zebu
cattle. Moreover,I also show that southern European cattle breeds displayed shared ances-
try with African taurine cattle.Using linked SNP based approaches, I inferred a common
origin of the African taurine and zebu cattle ancestry in BAI cattle breeds. Furthermore,I
also characterized the genomic diversity and structure in European cattle populations. I
show that, on average, nucleotide diversity is higher in southern European cattle than
western European (British and commercial) cattle. However, some of these southern Eu-
ropean cattle breeds such as Romagnola and Maltese appeared to have undergone a recent
bottleneck. On the other hand, Swedish native cattle breeds like Swedish Mountain cattle,
despite recorded bottleneck in the past, still display significant genomic diversity. How-
ever, southern Swedish cattle breeds like Va¨neko and Ringam˚alako requires attention for
conservation management as these breeds display lowest genetic diversity among all the
Swedish cattle breeds. To understand the patterns of genomic variations comprehensively,
I also characterized the structural variations (SVs) in the genome of European cattle. I
inferred the influence of demographic changes in the distribution of SVs in the cattle
genome. In addition, I also identified an SV CNV overlapping the KIT gene in English
Longhorn cattle which has previously been associated with color-sidedness. Finally, using
whole genome sequencing data, I identified various protein-coding genes and regulatory
elements encompassing SVs which represents valuable resources for future studies aimed
at finding the association between physiological processes and SVs in cattle.
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Chapter 1
General introduction
2 General introduction
1.1 Evolution of Bovinae sub-family
The mammalian sub-family Bovinae comprises several diverse species (Figure 1.1), some of which
are culturally and economically very important throughout the world. The sub-family is further
classified into the three major tribes: Tragelaphini, Boselaphini, and Bovini. While the first two
tribes comprise of spiral, four-horned, large ox-like antelope, the Bovini tribe comprises almost
all domestic and wild bovine species. The first split within the Bovini tribe occurred somewhere
between 5-10 million years ago (MYA) when the subtribe Bubalina (Bubalus and Syncerus spp.)
diverged from the subtribe Bovina (Bos and Bison spp.) (Hartl et al., 1988;L. Janecek et al.,
1996;Ritz et al., 2000). These two subtribes have consistently shown to be forming dichotomous
groups and no evidence of viable hybrid offspring has been reported from the mating involving
these two subtribes (Hartl et al., 1988;L. Janecek et al., 1996;Ritz et al., 2000;Hassanin and
Ropiquet, 2004;MacEachern et al., 2009;Dorian J. Garrick and Ruvinsky, 2014). Within the
subtribe Bovina, divergence events involving the remaining species appeared to have occurred
recently, in the last 2 MYA. As a result, the species within this sub-tribe can still produce viable
offspring indicating incomplete speciation. In fact, the introgression events involving domestic
cattle in the yak (Bos Grunniens) and wisent (Bison Bonasus) lineage have already been inferred
using whole genome sequencing data (Soubrier et al., 2016;Medugorac et al., 2017).
Figure 1.1: Taxonomic classification of sub-family Bovinae
Mitochondrial DNA (mtDNA) and genome-wide SNP based analyses have estimated the diver-
gence date between the two most economically important Bos sub-species, Bos indicus, and Bos
taurus, somewhere between 0.117 to 0.275 MYA (Loftus et al., 1994;Bradley et al., 1996;Gautier
et al., 2016). The majority of the world cattle populations can be categorized under these two
Bos sub-species with cross-breeding practices between these sub-species being widely prevalent in
many parts of the world such as North America and Africa. The major morphological differences
between these two sub-species are the presence of a thoracic hump, floppy rather than upright
ears, and a large dewlap in Bos indicus. Both sub-species also display identical karyotypes with
29 autosomal pairs and a pair of sex chromosomes (X/Y). The Y-chromosome, however, is sub-
metacentric in taurine and acrocentric in zebu, respectively (Kieffer and Cartwright, 1968;Jorge,
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1974). Both these sub-species also display differences in physiological adaptation; while indicine
cattle are very well adapted to harsh environmental conditions, most taurine cattle have been
intensively selected for production related traits.
1.2 Initiation of domestication and early dispersion
of cattle in Europe and Africa
The geographic origin and number of domestication events of cattle are arguably one of the most
debated questions among bovine geneticists. Evidence based on archaeological and molecular
data, points towards at least two centres of cattle domestication: domestication of Bos prim-
igenius namadicus (Indian aurochs) in the Indus valley and domestication of Bos primigenius
primigenius (European aurochs) in the Near East (Loftus et al., 1994;Bradley et al., 1996). The
independent domestication of African aurochs has also been proposed (Grigson, 1991). However,
a recent study has refuted this hypothesis (Decker et al., 2014).
The taurine lineage might have been domesticated first ∼10,000 years before present (YBP)
in the Near East, most likely near the regions of the upper Euphrates basin and adjacent to
the uppermost Tigrin basin(Helmer et al., 2005). Based on approximate Bayesian computation
approach on mtDNA of ancient and modern cattle samples, it has been estimated that only about
80 female aurochs were initially domesticated (Bollongino et al., 2012;Scheu et al., 2015). Like
other successful innovations, agriculture and animal husbandry also dispersed to other human
populations, which can partly be attributed to migrations of early Neolithic farmers. Based on
the archaeological and molecular evidence, it is possible to reconstruct the demographic events
leading up to the dispersion of domestic cattle throughout Europe. Following domestication, it
has been suggested (Martins et al., 2015;Hofmanova´ et al., 2016) that Neolithic farmers along
with their livestock took at least two distinct routes (Figure 1.2) to reach mainland Europe: the
Mediterranean Sea route and the Danube river route. Following these migrations, the earliest
evidence of domestic cattle in Europe are reported in the form of cattle bones found at a Neolithic
site in Greece which are dated ∼8,500 YBP (Conolly et al., 2012). Evidence also suggests that,
via the Mediterranean Sea route, farming was introduced in Corsica, the southwest of France and
in eastern Spain between ∼7,700–7,600 and ∼7,400–7,300 YBP, respectively (De Lagra´n,2014).
Via the Danube river route, domestic cattle reached central Europe and Northern Europe ∼
7,500 YBP and ∼ 6,500 YBP respectively (Tresset, 2003). Indeed, studies involving Isotope
analyses of organic residues of the major milk fatty acids preserved in archaeological pottery
have indicated the use of milk products by European farmers from as early as ∼8,000 YBP
(Salque et al., 2013).
During the early dispersion of domestic taurine, the wild population of ancestral European au-
rochs was still prevalent across mainland Europe. In fact, the last aurochs died at the beginning
of the 17
th
Century (Ke¸dzierska 1959; 1965 cited by van Vuure 2005). At its peak, the aurochs
were distributed all over Eurasia; the distribution ranged from the Atlantic coast of Europe to
the Pacific coast of China (Wright, 2013). Aurochs remains, however, have not yet been found
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Figure 1.2: Representation of migration routes of Neolithic farmers. Red colour represents
the center of domestication; the green line represents the Mediterranean Sea route, while the vi-
olet line represents the Danube river route. The figure is adapted from Felius et al.,(2014).(map
outline from D-maps.com-https://d-maps.com/carte.php?num car=2232&lang=en)
in Ireland, making West Iberia as the westernmost range of its distribution (Wright, 2013). Due
to the long history of shared geography between aurochs and domestic cattle, the possibility of
inter-crossing between them cannot be ruled out. In fact, several studies have investigated this
hypothesis of post-domestication contact between domestic cattle and aurochs, some of which
are discussed elsewhere in the thesis.
The theory of independent cattle domestication of the now-extinct African aurochs (Bos primi-
genius africanus) is highly disputed. The supporters of the theory often point out the prevalence
of mitochondrial T1 haplotypes (Bradley et al., 1996;Edwards et al., 2004) in African cattle and
osteological evidence found in the western Egyptian desert dating from ∼10,000 YBP (Wendorf
et al., 1989) as proofs for backing their claim. Zooarchaeologists have cast their doubt on the
origin of osteological evidence, and analysis of complete mtDNA sequences has shown that the
T1 mtDNA haplotype is also found among Southwest Asian cattle, albeit at low frequency (Troy
et al., 2001). Moreover, it has also been shown that the T1 haplogroup node is only one mutation
(np 16113) away from the common mtDNA T3 haplotypes of European taurine, and hence, a
near Eastern origin is very likely (Achilli et al., 2009). Uncontroversial dates for the arrival of
domestic taurine has been estimated from ∼7500 YBP; based on archaeological evidence, it has
been suggested that it appeared first in the region around the eastern Sahara (Gifford-Gonzalez
and Hanotte, 2011). Archaeological and pictorial evidence also suggest that humpless Bos tau-
rus were among the first cattle to appear on the African continent, which later got replaced or
admixed by the arrival of zebu cattle. Two waves of zebu arrival in Africa have been proposed:
the first wave of zebu arrival is associated with the development of Swahili-Arab civilization that
started taking its root from the 7
th
century AD, while the second wave of zebu cattle expansion
is associated with the rinderpest epidemics of the 19
th
century. Therefore, modern African cattle
are mosaics of European taurine and zebu ancestry, though breeds like N’Dama and Mutarin
have a unique genetic component which has been hypothesized as a legacy of African aurochs
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(Decker et al., 2014).
1.3 European cattle diversity: Domestication to
Modern times
1.3.1 Cattle genetic diversity from Neolithic to Roman era
The process of domestication initiated a symbiotic human-animal relationship in which humans
started providing food and shelter to livestock in exchange for animal products and services
such as fur, food, and protection. The process also allowed the transition of human society from
being hunter-gatherers to settled farmers. Gradually, humans started the process of selective
breeding of livestock to fulfill their specific needs. Many generations of this human-controlled
livestock breeding and adaptation in their respective habitat greatly influenced behavioral and
physiological traits of livestock.
The shift in livestock traits, from their ancestral forms to the more derived forms as we see today,
occurred gradually as some of the traits that were desirable in wild cattle became a hindrance in
domestic habitats. For instance, long horns in the ancestral bovids protected potential predators
to some extent, while in the domestic setting long horns are redundant and undesirable as it made
the task of handling livestock difficult. Therefore, short-horned cattle emerged somewhere in
Mesopotamia in the early Bronze Age and they gradually replaced long-horned cattle in Europe
from 5000 BP onward (Epstein, 1971). In the late Bronze age, short-horned cattle were widely
distributed across central and Northern Europe while long-horned cattle were more common in
many parts of the Mediterranean area as well in the region of today’s Hungary (Bo˝ko˝nyi et al.,
1974;Mason, 1984).
Though it is likely that breeding schemes might have existed in ancient times, the first detailed
contemporary account of animal husbandry and knowledge-based selective breeding comes from
ancient Roman literature. In his classic book “History of Animals” the Greek philosopher and
scientist Aristotle gave accounts of large size cattle roaming about in rich pasturelands of Epirus
(Balme, 1965). Skeletal remains recovered in Epirus also indicated that between 7
th
and 8
th
century BC, the region was inhabited by large size cattle with wither heights ranging from 115
to 135 cm (Kron, 2002). Large Roman cattle that had large horns and wither heights ranging
from 120 to 140 cm, also inhabited the ancient Etruria region. However, soon after the fall of
the Roman empire, large cattle also disappeared (Felius et al., 2014).
1.3.2 Cattle genetic diversity in Middle ages to the present times
During the Middle Ages, the small-sized cattle became prevalent in most parts of Europe.
This has been attributed to various factors such as ease in management, poor availability of
nutritious diet and castration of the large size bulls. Further, the number of livestock was
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greatly affected during the 14
th
century due to the Great Famine as well as Great Cattle Plague
(Bo˝ko˝nyi et al., 1974;Kron, 2002;Campbell, 2009). Following the disastrous 14
th
century, cattle
population gradually recovered owing to cultural and technological development (Felius et al.,
2014). This was also the time, when a grey coat colored long-horned cattle of Podolian origin
began replacing the local breeds in several parts of Eastern Europe (Bodo et al., 2004). Two
hypotheses (Bo˝ko˝nyi et al., 1974;Ferdinando and Donato, 2001) have been put forward to explain
the origin of Podolian cattle: 1) they arrived from the Podolian steppe of Ukraine where they
were kept and bred until the 12
th
century, 2) they are descendants of large cattle which were
kept during the Roman era.
During the 17
th
and 18
th
century, knowledge-based animal breeding started taking its root across
north-western Europe. Literature related to animal husbandry and breeding became commonly
available, partly due to improvement in literacy. Cattle migrations were also important aspects
of animal husbandry practices during this time. Dutch cattle, due to their superiority in milk
production, were exported to Germany, France, and Britain (Felius et al., 2014). However, still
until the first industrial revolution of the late 18
th
century, the majority of the cattle diversity
that existed among European cattle was due to adaptation and selection of local cattle breeds
to the local circumstances rather than selection for certain traits which were desired by a broad
range of consumers (Felius et al., 2014).
In Britain, the industrial revolution that began in the late 18
th
century provided impetus to
the innovation in the field of agriculture and animal husbandry (Thomas, 2005). To meet the
demands for animal-related products such as milk and beef in a growing urban population, the
farmers began selecting animals based on their performance in desired production traits. For
this selection process to work, the record-keeping of a herd as well as pedigree had to be of
prime importance. Therefore, the concept of herdbook was introduced in animal husbandry
practices. During the 1760’s, the Englishman Robert Bakewell—one of the pioneers in Animal
breeding—started improving cattle by selecting cows and bulls based on long horns, early growth,
docility and other phenotypes (Stanley, 1995). Many English beef cattle breeds, such as Hereford
and Aberdeen-Angus, were developed following the breeding success of English Longhorn cattle
(Hall and Clutton-Brock, 1988). In fact, to keep the bloodline pure, dairy breeds such as Jersey
and Guernsey were forbidden for cross-breeding and kept isolated from as early as 1789 (Hall and
Clutton-Brock, 1988). Following these suits of success in record keeping and breeding objectives
to develop systematic breeds, many western European countries adapted these techniques. In the
Netherlands, the first herdbooks were established in the late 19
th
Century. Also, by performing
cross-breeding between local cattle populations, breeds like Holstein Friesian (HF) and Meuse-
Rhine-Yssel (MRY) were developed in the last two decades of the 19
th
Century (Felius et al.,
2014).
1.3.3 Primitive and traditional cattle breeds of Europe
Although the process of domestication led to a transformation of traits that were seen frequently
in the wild ancestors, the modern animal breeding practices (such as selection, herd isolation)
accelerated this process of transformation of wild traits and led to the emergence of derived
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traits, such as early maturity, polledness, and docility in modern cattle that might had rarely
been present in its ancestral form. However, many cattle breeds of Europe still display many
ancestral features such as horn shape and size, sexual dimorphism, and aggressive behaviour
(van Vuure, 2005). I refer to such cattle breeds as primitive in this thesis throughout, and
in the following paragraphs, give an overview of the primitive cattle breeds of Europe (Table
1.1).
Primitive Cattle breeds of Balkan and Italian regions largely fall under the category of Podolic
cattle breeds. As I mentioned in the previous section, the origin of a Podolic group of cattle and
their diffusion to southern Europe is highly debated among bovine geneticists. This group of
cattle along with Busha represents some of the most underdeveloped taurine populations. Apart
from displaying common characteristics such as long horns and grey coat colour, these Podolic
cattle breeds are some of the hardiest European taurines that can be raised under extensive
management (Ferdinando and Donato, 2001;Felius et al., 2014;Di Lorenzo et al., 2018). These
cattle are also adapted to a wide range of environments and display high disease resistance
(Bartosiewicz, 2011). Some of the sampled Podolian cattle breeds include the following: Ro-
manian grey, Boskarin, Chianina, Maremmana, Podolica, Romagnola, and Marchigiana (Table
1.1). Busha and Maltese are two other cattle breeds that we included in the Balkan and Italian
group. Busha is distributed throughout the Balkan peninsula including Bulgaria and Greece.
This group of cattle is characterized by small height, red to grey coat colour and small horns
(Broxham et al., 2015). Busha cattle are hypothesized to have originated from small cattle of
Medieval Europe. At present, several strains of Busha exist throughout the Balkan peninsula
(Broxham et al., 2015). Maltese cattle are an ancient cattle breed of Malta; it is characterized
by large body size and red coat colour. Although not much is known about its origin, it is
hypothesized that the origin of Maltese traces back to the prehistoric era.
Iberian cattle breeds are the group of cattle displaying a large variety of coat colours and
horn morphology. Many of the Iberian cattle display ancestral characteristics such as sexual
dimorphism, coat colour, and horn morphology. It has been suggested that, mostly, Iberian
cattle breeds have been developed in many different types with relatively little contribution
from the outside (Felius et al., 2014). However, during the 1950’s, sires from exotic cattle
breeds, which displayed the same coat colour as some Iberian breeds, were used in “upgrading”
some of the local Iberian cattle breeds such as Alentejana and Pajuna (Felius et al., 2014).
As described in the previous section, many modern British cattle breeds such as Hereford,
Longhorn, Shorthorn, are were developed using modern animal breeding principles. However,
several British, Scottish, and Irish cattle breeds, such as White Park, British White cattle,
and Highland cattle, have been developed with minimal human interventions. Further, many
British and Irish cattle breeds have individuals that display various ancestral traits (van Vuure,
2005). In this thesis, we also used genotyping data of commercial European cattle breeds such
as Dutch cattle breeds and Jersey for comparative purposes. Some of the Dutch cattle breeds
investigated in the study have undergone a drastic reduction in effective population size, for
example, Dutch Friesian. HF and Jersey are among the most widespread cattle breeds in the
world. HF originates from the Dutch provinces of North Holland and Friesland, while Jersey
originates from Jersey Island. These cattle breeds are suitable for intensive farming which aims
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at maximizing the overall production and economic profit.
Apart from primitive and commercial cattle breeds, we also studied various Swedish and Dutch
traditional cattle breeds. Note that the term “primitive” used in this context, refers to the
selection of breeds based on their ancestral phenotypes. However, no such distinction is made
while using the term “traditional”, the breed defined as traditional should be native to a par-
ticular region and maintained using traditional ways. Swedish traditional cattle used in the
study includes various mountain breeds from the northern and western part of Sweden and
some commercial cattle breeds of southern Sweden. A large phenotypic diversity exists among
these Swedish cattle breeds. For example, white coat colour and polledness are predominant
traits in Swedish mountain cattle breeds, while a large number of southern Swedish cattle breeds
display red coat colour and a relatively high frequency of horned individuals. These breeds also
display large temporal variation regarding the foundation of breed standards and herd books.
For instance, Swedish mountain cattle was recognized as a breed way back in the 19
th
Century,
while Vaneko was recognized as a breed in the late 20
th
Century.
Table 1.1: Table showing information of samples genotyped in this thesis. Sampling in-
formation: First column is Breed information where, in bracket, “C” stands for commercial
breed, second column is Breed code, third and fourth columns displays information about
country and region of origin for the breed respectively, fifth column displays number of sam-
ples collected per breed, sixth column display present conservation status which is obtained
from Domestic Animal Diversity Information System (DAD-IS) on 06
th
November 2018. The
last column displays the types of markers used in the present thesis; note that it does not
necessarily indicates the number of individuals genotyped using each type of markers. Ab-
breviations: ALP-Alpine, BRI-British and Irish, NLD- Dutch, JE- Jersey, IBR- Iberian, BAI-
Balkan and Italy, SAN-Scandinavian, WGS-whole genome sequencing data, 777K SNP-array-
bovine 777K SNP High density array- (Illumina Inc.), 150K SNP array- bovine 150K Genomic
Profiler High-Density SNP array (Illumina Inc. through GeneSeek©).Note that generally the
conservation status—at risk—is allotted to the population with an effective population size
less than 10,000.
Breed Code
Country
of origin
Region/
species
if not
taurine
Sample
size
Conservation
status
Genetic mark-
ers used
Brown Swiss
(C)
BS Switzerland ALP 4 Not at risk 777K SNP array
Fleckvieh (C) FL Switzerland ALP 4 Not at risk 777K SNP array
Chianina CH Italy BAI 3 Not at risk
777K SNP array
and WGS
Maremmana MA Italy BAI 5 Not at risk
777K SNP array
and WGS
Podolica PO Italy BAI 1 Not at risk
777K SNP array
and WGS
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Maremmana x
Pajuna
MP NLD BAI X IBR 1 777K SNP array
Busha BU
Balkan re-
gion
BAI 6 At risk
777K SNP array
and WGS
Romanian
grey
RO Romania BAI 4 Not known 777K SNP array
Maltese MT Malta BAI 4 At risk
777K SNP array
and WGS
Boskarin BK Croatia BAI 4 At risk
777K SNP array
and WGS
Nellore NE Brazil Bos indicus 4 Not at risk 777K SNP array
Aurochs AU Britain
Bos primi-
genius
1 Extinct WGS
Angler (C) AN Germany NLD 1 Not at risk 777K SNP array
Dutch Belted
(C)
DB
The
Nether-
lands
NLD 2 At risk 777K SNP array
Dutch Friesian
(C)
DF
The
Nether-
lands
NLD 4 At risk 777K SNP array
Groningen
Whiteheaded
(C)
GW
The
Nether-
lands
NLD 5 Not at risk 777K SNP array
Holstein
Friesian (C)
HF
The
Nether-
lands
NLD 5 Not at risk 777K SNP array
MRY (C) MR
The
Nether-
lands
NLD 4 Not at risk 777K SNP array
English
Longhorn
EL England BRI 4 At risk 777K SNP array
Galloway GA Scotland BRI 5 At risk 777K SNP array
White Park WP England BRI 3 At risk 777K SNP array
Highland HL Scotland BRI 5 At risk 777K SNP array
Kerry Cattle KC Ireland BRI 4 At risk 777K SNP array
Heck HE Germany NLD 5 777K SNP array
Alentejana AL Portugal IBR 2 Not at risk 777K SNP array
Arouquesa AR Portugal IBR 3 At risk 777K SNP array
Cachena CC Portugal IBR 3 Not at risk 777K SNP array
Caldela CL Portugal IBR 1 At risk 777K SNP array
Mirandesa MI Portugal IBR 2 At risk 777K SNP array
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Berrenda en
colorado
BC Spain IBR 3 At risk 777K SNP array
Berrenda en
negro
BN Spain IBR 3 At risk 777K SNP array
Cardena CA Spain IBR 5 At risk 777K SNP array
Lidia LI Spain IBR 3 Not at risk 777K SNP array
Limia LM Spain IBR 4 At risk 777K SNP array
Maronesa ME Spain IBR 6 At risk
777K SNP array
and WGS
Pajuna PA Spain IBR 6 At risk
777K SNP array
and WGS
Sayaguesa SA Spain IBR 5 At risk
777K SNP array
and WGS
Tudanca TU Spain IBR 2 Not at risk
777K SNP array
and WGS
Jersey (C) JE
Jersey
Island
Jersey 4 Not at risk 777K SNP array
Swedish
Mountain
Cattle
SMC Sweden SCAN 23 At risk 150K SNP array
Fjallnara cat-
tle
FNC Sweden SCAN 16 At risk 150K SNP array
Swedish Polled
cattle
SPC Sweden SCAN 3 At risk 150K SNP array
Bohus Polled BPC Sweden SCAN 6 At risk 150K SNP array
1.4 Present genetic diversity status of primitive and
traditional cattle
Advancement in quantitative genetics theory and techniques related to biotechnology, after the
end of the second world war, led to a rapid increase in beef and dairy production in Europe.
However, this rapid increase in production was brought about by using only a handful of north-
western European (NWE) cattle breeds. Moreover, the effective population size for some of
these NWE cattle breeds reduced to less than fifty (Gautier et al., 2007) because of intensive
selection and repetitive usage of germplasm from proven sires. At the same time, industrial
demand in some of the countries, where the development in animal husbandry was still in
its nascent stage, led to the import of germplasm from these productive NWE breeds. As a
result, the number of local cattle breeds with a long history of adaptation in their respective
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environments reduced drastically (Medugorac et al., 2009). Moreover, in some European regions,
where livestock was mainly used for draft purposes, the mechanization of agriculture led to a
decline in effective population size in those cattle breeds. For instance, the effective population
size for Andalusian black cattle breeds reduced steeply in the last decade of the twentieth century
as a result of agriculture mechanization (Felius et al., 2014). Similarly,the effective population
size of Romanian grey cattle dropped from about ∼0.2 million at the end of 19th century to just
∼500 animals in the beginning of 21st century.
According to the FAO report (FAO, 2015), cattle are among the mammalian species with the
highest number of breeds at risk. In fact, the report also provides some other worrisome statistics.
For instance, of the total 1,408 global cattle breeds, the diversity status of more than 750 breeds
remains unknown. Further, of the total 640 global cattle breeds with known “risk status”, 171
breeds have been classified under “at risk” category while 184 breeds are already extinct (FAO,
2015). Therefore, using genetic markers to estimate the status of genetic diversity of traditional
cattle breeds is an import step towards breed conservation. One of the questions that might
arise from this chapter is: what is the need of conserving primitive cattle breeds? Based on
the literature that I surveyed, I give the following three broad arguments to underscore the
importance of primitive cattle breeds:
1). Long adaptation history in their respective environments: primitive cattle breeds represent
cattle populations that have a long history of adaptation in their respective indigenous environ-
ment. For instance, Italian Podolic cattle breeds such as Chianina and Maremmana are well
adapted to the harsh environment, and they also display a good growth ability and resistance
against parasitic diseases (Sargentini et al., 2010).
2). The abundance of rare alleles: It has been postulated that, because some Balkan cattle
breeds such as Busha have large effective population sizes for a very long time, they might have
conserved an abundance of rare alleles, some of which are lost alleles in production cattle breeds
(Medugorac et al., 2009). Therefore, diversity in traditional cattle breeds represents gene pool
which may play an important role to fulfil the needs of future generations.
3). Heritage values and unique products: In many instances, primitive cattle breeds are linked
to socio-cultural values of local tradition. Moreover, the products obtained from local breeds
might have some additional value that could distinguish them from commercial breeds.
1.5 Measures of genetic variation/diversity
Genetic variation can be measured as the differences in two DNA sequences sampled randomly
from a panmictic population or any other well-defined population. Therefore, it can refer to
variation within a population or a genome. Further, variation within an individual genome can
also capture variation in a population as the haplotypes of an individual are a sample of the hap-
lotypes segregating in a population. Two important sources of variation are de novo mutations
and recombination. Genetic variation arises depending on the consequences of mutations in a
genome. For instance, sometimes mutations can lead to single base pair substitution which is
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called single nucleotide polymorphism (SNP) when the frequency in the population has reached
a minor threshold typically more than 1%. Recombination generally does not create any de novo
mutation, but rather it creates new combinations of alleles by reshuﬄing the genetic materials
between homologues chromosomes during meiosis.
Heterozygosity is among the first parameter that often has been used by researchers to represent
genetic variation in a natural population (Beja-Pereira et al., 2003;Cymbron et al., 2005). The
term heterozygosity refers to the state of having two distinct alleles at a locus. The overall
heterozygosity in a genome gives insight on genetic structure and demographic history of a
population. For instance, reduced heterozygosity can indicate low genetic variability which can
be the result of selection or a demographic process that severely reduced the population size
(i.e., Bottleneck). As selection only acts on specific genetic segments, which depends on its
contribution to the overall fitness of the individuals, its effect on heterozygosity would be local
compared to genetic drift which would affect the entire genome.
Another parameter, which not only measures heterozygosity in a population but also provides
additional information about the factors that generated it, is called runs of homozygosity (ROH).
ROH are segments of identical haplotypes in an individual that are identical by descent (IBD).
Inbreeding and selection are the most common causes that result in ROH within a genome.
Another cause being non-random association between alleles, the phenomenon also known as
linkage disequilibrium (LD). More often, ROH due to ancestral LD are much smaller in size
compared to recent inbreeding as in the latter case, haplotypes have not had enough time to
break-down due to recombination. Therefore, varying length of ROH provide insight into the
level of inbreeding and demographic history of a population (Bosse et al., 2012).
1.6 Gene flow and genetic variation/diversity
Typically, the term migration in genetics refers to “gene flow” which is defined as the movement
of alleles from one population to another.It is also an important factor affecting genetic vari-
ation.It reduces the genetic variation between previously isolated populations. This reduction
in variability, however, depends on the rate and duration of gene flow. At the genomic level,
gene flow followed by recombination makes the chromosomes of admixed populations mosaics
of chromosomal blocks from different admixing populations (Lawson et al., 2012). Further,
other population genetic forces such as selection or/and drift would determine the dispersal of
introgressed segments in a population (Bosse et al., 2014).
As the events involving gene flow usually reduce allele frequency differences between the popula-
tions, several statistical approaches have been developed to classify individuals into “K” different
clusters based on genetic similarity. The maximum-likelihood based approaches as implemented
in the software-ADMIXTURE (Alexander et al., 2009) and STRUCTURE (Pritchard et al.,
2000)-estimates underlying global admixture coefficients for each of the user-defined ancestral
populations. These methods assume independence of markers. Therefore, it is important to
filter SNPs based on a threshold of squared Pearson coefficient of correlation (r
2
) estimate of
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LD before performing the analysis.
Another way of estimating admixture events using independent SNP markers is by measuring
the shared drift between populations (Patterson et al., 2012). These measures are the extension
of Wright’s F statistics which measures the population differentiation based on allele frequen-
cies. Shared-drift based measures assume the null hypothesis that a tree-like fashion relates
populations under investigation, i.e., they evolved independently after divergence (Figure 1.3A).
Therefore, the branch lengths in the population phylogeny correspond to the amount of drift
that has occurred after the divergence. The alternative model, in addition to branches, extends
the phylogeny by allowing edges that represent migration events (Figure 1.3B and 1.3C). In
other words, in the case of gene flow events, there will be an allele frequency correlation between
source and admixed populations. However, the significant drift in either/or both admixing and
source population after admixture can distort the correlation in allele frequencies. The shared-
drift based measures calculated based on allele frequencies of three and four population are
known as f3 and f4 tests, respectively. The algorithm implemented in the tool Treemix (Pickrell
and Pritchard, 2012) is another interesting approach which assumes independence in allele fre-
quencies between populations, and by modelling their relationships as bifurcating tree, it infers
the migration events among sets of populations.
Figure 1.3: .Different demographic models: (A). Present day population M, N, and C evolved
independently without any significant admixture. (B). Population C formed as a result of
interbreeding between the population E and F that are ancestors of modern populations M and
N respectively. (C). After receiving gene flow from population M and population N, population
G undergoes a significant genetic drift. Note that ”α” and ”β” represents a proportion of gene
flow, while ”ω” represents the amount of genetic drift. The figure is adapted from Patterson
et al., (2012).
Almost all the previously defined algorithms use SNPs individually and assume independence
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between successive markers. However, the advent of cost-effective high throughput technologies
has resulted in array-based approaches which can genotype thousands or hundreds of thousands
of closely positioned markers, and the analysis of such data can, sometimes, violate this assump-
tion of independence. Haplotype-based analyses can harness the information from such closely
linked data, leading to improvement in the inference of population structure. One such algorithm
is implemented in a suite of a program called fineStructure (Lawson et al., 2012). The algo-
rithm reconstructs each “recipient” haplotype as a mosaic of haplotypic blocks of all the other
“donor” haplotypes in the dataset using a Hidden Markov Model method as introduced by Li
and Stephen (Li and Stephens, 2003). Essentially, this reconstruction results in the co-ancestry
matrix wherein each value corresponds to the shared ancestry between any two haplotypes in
the dataset. Later, the co-ancestry matrix is used by fineStructure to assign individuals into
population using a Markov chain Monte Carlo (MCMC) algorithm.
1.7 Brief review on studies of genetic admixture in
primitive European cattle
Because primitive cattle breeds show many ancestral phenotypes, the hypothesis of post-
domestication contact between aurochs and the ancestors of these cattle has been proposed
(Achilli et al., 2008;Bonfiglio et al., 2010). Many studies, using uniparental markers such as
mtDNA and Y-chromosome haplotypes, investigated the hypothesis of post-domestication gene
flow in European cattle (Go¨therstro¨m et al., 2005;Achilli et al., 2008;Bollongino et al., 2008;Bol-
longino et al., 2012). For instance, gene flow between Italian domestic cattle and Italian aurochs
has been proposed based on the observation that Italian aurochs also carried mitochondrial T3
haplogroups which is the most common haplogroup among European taurine (Beja-Pereira et
al., 2006). Additionally, Italian cattle breeds such as Romagnola and Chianina also displayed low
frequency of several novel mtDNA haplogroups such as Q and R which also has been proposed as
a legacy of local Italian aurochs (Achilli et al., 2008;Bonfiglio et al., 2010). On the other hand,
Go¨therstro¨m et al., (2005) observed a high frequency of Y1 haplogroups in (Y-chromosomal
markers) aurochs samples retrieved from north-western Europe and, since Y1 haplogroup is also
the most common haplogroup among north-western European domestic cattle, they proposed
that gene flow between aurochs and domestic cattle of north-western Europe might have oc-
curred after domestication. Later, (Bollongino et al., 2008) refuted this hypothesis by showing
that there was no difference in the frequencies of Y1 and Y2 haplogroups among the aurochs
samples retrieved from north-western Europe. It should be noted that until now mitochon-
drial haplogroup of the British aurochs, i.e., P-haplogroup, has only been found in one to two
individuals of modern European taurine (Achilli et al., 2008).
Previous studies have also hypothesized that gene flow has occurred between south-eastern Euro-
pean cattle and non-European cattle (zebu and African taurine) (Beja-Pereira et al., 2003;Cym-
bron et al., 2005;Ginja et al., 2010;Decker et al., 2014). For instance, studies using genome-wide
SNPs and microsatellite markers have shown that African taurine ancestry is a common feature
of Iberian cattle (Decker et al., 2014). On the other hand, a gradient of zebu ancestry from
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southern Europe to Northern Europe cattle also had been proposed (McTavish et al., 2013).
However, a recent study refuted this hypothesis and instead proposed that only a handful of
cattle breeds, especially from Italy, carry zebu ancestry in their genome (Decker et al., 2014).
The majority of these studies focused only on major breeds from Iberia, Italy, and North-western
Europe and lacked in genotypes from other Eastern European regions that are close to the center
of domestication.
1.8 Structural variation and its contribution to cattle
diversity
Structural variation (SVs) is a term that includes various genomic alterations (Layer et al.,
2014) such as insertions, deletions, duplications, inversions, translocations, or other complex
rearrangements of large genomic segments (Figure 1.4). Though SVs are not very common, they
may have a great impact on gene structure and function (Bickhart and Liu, 2014). Therefore,
SVs are an important source of genetic and phenotypic variation between individuals.
Figure 1.4: Some examples of structural variation in genome sequences
The advancement in the methodologies of genome sequencing has not only accelerated the
discovery and genotyping of SVs but have also increased our understanding of its type and
formation. Based on the effect of overall genome size, SVs can be categorized in two types:
Balanced (translocation and inversion) and unbalanced (insertion, deletion, and duplication)
(Bickhart and Liu, 2014). The unbalanced class of SVs can also be called copy number variation
(CNV). CNV encompasses a large proportion of cattle and human genomes. For example, in the
human genome CNV is estimated to have covered between 4.8-9.5%, while in cattle, it covered
approx. 3% of the genome (Zarrei et al., 2015;Bickhart et al., 2016). The methods to identify
CNV can either make use of whole genome sequencing data or array probe signal intensities.
These methods are also more refined compared to the methods aimed at identifying balanced
SVs as the sequence breakpoints in balanced SVs are difficult to pinpoint (Bickhart and Liu,
2014).
CNV play an important role depending on where in the genome it is present. Genic CNVs,
for instance, can influence phenotypes of an organism through at least three different mecha-
nisms: change in gene dosage, exposure to recessive alleles and expression regulation changes.
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Further, it has been shown that CNVs, if present in the regulatory elements of developmental
genes, can also change the phenotypic expression (Spielmann and Klopocki, 2013). Moreover,
duplication of the genic region may lead to another gene copy acquiring a novel functional role
(neofunctionalization), or the gene’s functional role may get divided between these paralogs
(sub-functionalization), thereby contributing to the genome evolution. However, genes that are
conserved across species or genes that are essential for multiple biological pathways are predicted
to be sensitive to CNVs affecting gene expression (Schuster-Bockler et al., 2010). Moreover, dif-
ferent types of repeat regions in a genome contribute to the formation of CNVs. For instance,
CNVs are reported to be associated with segmental duplications in mammalian genomes (Sharp
et al., 2006).These repetitive regions in the genome facilitate the formation of CNV through
mechanisms such as non-allelic homologous recombination (Warburton et al., 2008) . In fact, a
recent study has shown that such repetitive regions in the genome are five times more likely to
harbour CNVs when compared to germline CNVs (Monlong et al., 2018).
The availability of the Bovine50K and BovineHD 777K SNP arrays has revolutionized the field
of bovine genomics. Extensive use of such arrays has led to the identification of many CNVs
in the bovine genome (Fadista et al., 2010;Bickhart et al., 2012;Bickhart et al., 2016;Sasaki et
al., 2016;Wang et al., 2016). As a result, a complex landscape of CNVs in the bovine genome
has emerged. It has been shown that some gene families such as an Olfactory receptor (OR)
and genes that play a role in the immune system harbour an abundance of CNVs. Because
both these complex gene families serve important functions associated with a sense of smell and
ability to resist pathogens, respectively, the evolutionary selection pressure might have played
an important role in generating and maintaining variable copy numbers. In cattle, like sheep
and pig (Moller et al., 1996;Han et al., 2015), SVs affecting coat colour have also been reported
(Durkin et al., 2012;Brenig et al., 2013).
1.9 Identification of structural variations
1.9.1 SNP-array based identification
SNP array platforms typically target biallelic SNPs by including two types of probes, usually
coded as A and B, for every single SNP. The resulting hybridization between targeted DNA
fragments and probes generates hybridization intensity, which can be used to determine SNP
genotypes (Wang et al., 2007). For instance, SVs involving deletions and duplications decrease
or increase the total signal intensity, respectively. Apart from the signal intensity, other genomic
factors such as GC content around the targeted sites or population allele frequencies can also
be included in models to increase the accuracy of identification of SVs. In principle, these
methods can only identify SVs involving deletions or duplications. Further, these methods
cannot reliably identify break-points around SVs. Some examples of computation programs
that can identify SVs based on signal intensity data of SNP array include PennCNV (Wang et
al., 2007) andQuantiSNP (Colella et al., 2007) .
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1.9.2 WGS-based identification of SVs
The methods used to identify SVs from whole genome sequence (WGS) data can be catego-
rized in four classes: Read-pair (RP), Split-read (SR), Read depth (RD) and assembly-based
methods.
Figure 1.5: Some examples of identification of structural variation events using different
whole genome re-sequencing approaches. The figure is adapted from Pirooznia et al.,(2015)
In the paired-end sequencing, DNA fragments are likely to display a specific distribution around
the insert size (Korbel et al., 2007). Therefore, read spanning SVs may display a different insert
size compared with the genomic average and read pair-based methods use these discordant
paired-end reads to identify SVs. However, small sized SVs are difficult to detect using these
methods as small disruptions in insert size are difficult to separate from the normal background
dispersion in insert size distribution (Medvedev et al., 2009). Further, read pair-based methods
are not preferred for detection of SVs in low complexity regions of the genome (Pirooznia et al.,
2015). Some methods, in addition to read pair, also consider the split read information to locate
precise break-points of SV events (Zhang et al., 2011). Split read methods use reads that remain
completely or partially unmapped to the reference genome. Read depth methods exploit the
depth of coverage information of genomic alignments to identify deletions or insertions, as there
is a direct correlation between the copy number events and depth of coverage (Pirooznia et al.,
2015). As opposed to read pair and split read, read depth methods can identify the exact copy
number of an event, while the former methods only report the position and the type of event.
Moreover, compared to read pair and split read, read depth methods have a higher sensitivity
to large CNVs. However, read depth has low efficiency when identifying small CNVs (<1 kbp)
(Pirooznia et al., 2015).
18 General introduction
There are methods implemented in various tools (Sindi et al., 2012;Layer et al., 2014) that
consider a combination of one or more methods described in the previous paragraph. This
combined approach often results in a better accuracy of SV identification compared to any
single method. In principle, the combination approach-based method combines information
from multiple methods, taking advantage of their strength. In doing so, they also overcome the
limitation of one method with the unique feature of the another. For instance, combining Read
pair, Split read with Read depth has resulted in a high accuracy of identification of small as
well as large-sized CNVs (Pirooznia et al., 2015).
1.10 Thesis outline
The overall goal of my research is to investigate the pattern of genetic variation, gene flow
and demography in primitive cattle breeds of Europe. By analyzing genotyping data of a large
number of cattle breeds, I disentangle the complex relationships between European, African
and zebu cattle. Additionally, I also give a broad overview of genetic diversity in some of the
least studied cattle breeds of Europe. The practical implications and future direction of the
research associated with the results of this thesis are also discussed. In chapter 2, I evaluate
the relationship between European cattle and an ancient aurochs sample. Also, I report zebu
ancestry in several Balkan and Italian cattle breeds. Further, I also assign observed ROH in
different European cattle breeds to different demographic changes in breed history. In chapter
3, I further explore zebu ancestry in European cattle breeds by including genotype data of several
additional Podolian cattle breeds. Furthermore, I also infer African taurine ancestry in several
Iberian cattle breeds. I conclude by discussing the origin of Balkan and Italian cattle considering
their common non-taurine ancestry. In chapter 4, I investigate the breed structure and diversity
of Swedish traditional cattle breeds. In particular, I emphasize the low differentiation between
different Swedish mountain cattle breeds. In chapter 5, I explore the pattern of CNV among
different European cattle breeds and discuss these in light of different population genetic forces. I
also identify several copy number genes associated with phenotypic diversity. chapter 6 further
discusses the copy number variable genes identified using whole genome sequences of different
Eurasian and African cattle breeds. I conclude the thesis with Chapter 7 by discussing my
findings, their importance, and applicability in a broader context.
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Abstract
The domestication of taurine cattle initiated approximately 10,000 years ago in the Near East
from a wild aurochs (Bos primigenius) population followed by their dispersal through migration
of agriculturalists to Europe. Although gene flow from wild aurochs still present at the time of
this early dispersion is still debated, some of the extant primitive cattle populations are believed
to possess the aurochs like primitive features. In this study, we use genome-wide SNPs to
assess relationship, admixture patterns and demographic history of an ancient aurochs sample
and European cattle populations, several of which have primitive features and are suitable for
extensive management. The Principal component analysis, the model-based clustering, and a
distance-based network analysis support previous works suggesting different histories for north-
western and southern European cattle. Population admixture analysis indicates a zebu gene
flow in the Balkan and Italian Podolic cattle populations. Our analysis supports the previous
report of gene flow between British and Irish primitive cattle populations and local aurochs. In
addition, we show evidence of aurochs gene flow in the Iberian cattle populations indicating wide
geographical distribution of the aurochs. Runs of homozygosity (ROH) reveal that demographic
processes like genetic isolation and breed formation have contributed to genomic variations of
European cattle populations. The ROH also indicate recent inbreeding in southern European
cattle populations. We conclude that in addition to factors such as ancient human migrations,
isolation by distance and cross-breeding, gene flow between domestic and wild cattle populations
also has shaped genomic composition of European cattle populations.
Key words: Aurochs, primitive cattle, SNP, gene flow, runs of homozygosity
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2.1 Introduction
The Domestication of taurine cattle (Bos taurus) occurred approximately 10,000 years ago in
the Near East (Go¨therstro¨m et al., 2005) and based on mtDNA analysis, it is estimated to
have incorporated the maternal lineages from around 80 female aurochs (Bos primigenius) in
this region (Bollongino et al., 2012). Later on, domesticated cattle became widespread all over
Europe through migration of early farmers. As farmers settled in the regions that harboured
native European aurochs, sporadic interbreeding might have taken place between domestic cattle
and native European aurochs, which persisted in some regions until the Middle Ages. Many
previous studies have used mtDNA and Y-chromosome markers to address the hypothesis that
local aurochs contributed to the gene pool of modern European domestic cattle. All modern
European cattle breeds are characterized by the T mitochondrial haplotype. However, previous
studies (Edwards et al., 2007; Scheu et al., 2008) investigating the mitochondrial haplotypes
of more than one hundred ancient aurochs samples that were retrieved from multiple sites of
northern and central Europe only identified P and E haplotypes, which exclude a significant
contribution of local aurochs to the maternal lineages of European domestic cattle. On the
other hand, many Italian and one Swiss aurochs not only carried P, but also T mitochondrial
haplotypes (Mona et al., 2010; Lari et al., 2011; Schibler et al., 2014), so maternal gene flow from
native wild aurochs to local domestic cattle may have taken place there. Contrary to mtDNA,
studies involving Y-chromosome haplogroups have remained equivocal as to whether gene flow
between local aurochs and domestic cattle has occurred (Go¨therstro¨m et al., 2005; Bollongino et
al., 2008). Recently, Park et al., (2015) using genome-wide SNPs identified significant enrichment
of British aurochs alleles in north European cattle breeds.
Until approximately 250 years ago cattle productivity was low compared to modern standards.
Cattle were mainly used in subsistence farming and extensive management, a situation which still
persists in much of Africa and South Asia (Felius et al., 2014). Since the Industrial Revolution,
an intensification of animal husbandry has led to the development of many specialized breeds
with derived traits and uniform appearances. However, several traditional cattle breeds still
have retained primitive features of their wild ancestors; such breeds can also be referred to as
primitive breeds (Supplementary note 1). Previous studies (Tapio et al., 2006; Medugorac et al.,
2009) have recognized primitive cattle breeds as a valuable resource for genetic variation. Most
of these cattle breeds are hardier than commercial breeds and endure adverse environmental
conditions and extensive management with low quality forage better (Sæther et al., 2006). On
the other hand, several of these breeds have declining effective population sizes, which erode
their genetic diversity (Tapio et al., 2006).
It has been estimated that by 2030, 3 to 4 % of European farmland will be abandoned and con-
verted to nature reserves. Management of such landscapes by grazing cattle is very easy, cheap
and environmentally friendly, and requires primitive cattle breeds that only need a minimum
of human intervention (Schaich et al. 2010). Thus, investigating past admixture patterns and
recent change in demography of primitive cattle breeds is essential in order to formulate and
fulfil the breeding objectives tailored to the purpose of landscape management.
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Although economic traits of commercial breeds have been extensively studied (Lu et al. 2014;
Raven et al. 2014), the more primitive traits and adaptation to extensive management have
not been investigated. Analyses of genome wide single nucleotide polymorphism (SNP) data
from aurochs and primitive cattle breeds provide the opportunity to investigate gene flow and
admixture processes, which have contributed to the evolution of domestic cattle. Here, we
use high density genome wide SNP markers to investigate genetic origins, admixture patterns
and demographic histories of 27 primitive cattle populations and one British aurochs sample.
These populations originate from all over Europe. The Dutch, and the Swiss commercial dairy
breeds, as well as the Nelore zebu (B. indicus) are also included for comparing the primitive
and highly productive cattle and for assessment of zebu admixture respectively. We also carry
out Runs of homozygosity (ROH) based analyses as they provide valuable insights into recent
demographic changes and breeding practices in livestock (Purfield et al., 2012; Ferencˇakovic´ et
al. 2013).
2.2 Material and methods
2.2.1 Sample collection and classification
A total of 144 animals from 38 different cattle populations, consisting mainly of primitive cattle
breeds (27 breeds) were sampled (Figure 2.1). Numbers of animals per population varied from
1 to 6 (Table S1). The geographic origin of 135 animals was assigned to one of five regions,
largely corresponding Buchanan and Lenstra, (2015): British and Irish (BRI), Dutch-Baltic
(NLD, ancestral to large parts of the Lowland Pied and Baltic Red cattle), Balkan and Italian
(BAI, representing Podolian and Busha cattle), Iberian (IBR), and Alpine (ALP, combining the
Central Brown and Spotted breed cluster). The remaining nine animals did not belong to any
of these groups: Jersey (JE), Heck (HE), Nelore zebu (NE), a Maremmana-Pajuna cross (MP)
and British aurochs (AU).
2.2.2 Detail of aurochs specimen
The aurochs humerus bone specimen has been retrieved in 1998 from Carsington Pasture cave
in Derbyshire, England and was radiocarbon dated to 6,736± 68 years BP (Edwards et al. 2010;
Park et al., 2015). The mitochondrial sequencing revealed P-haplogroup for the aurochs sample
(Edward et al., 2010). Park et al (2015) extracted DNA and performed the high throughput
sequencing (HTS) using Illumina paired-end DNA sequencing. Further information about the
aurochs sample and sample processing has been described in the by Park et al. (2015).
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2.2.3 SNP array data
DNA was extracted from hair roots, sperm or blood and genotyped with the Illumina BovineHD
Genotyping BeadChip, which contains 777,692 SNPs uniformly spanning the bovine genome.
Genotypes were called and processed using the Genome Studio software package (Illumina).
Samples with a call rate below 90 % were excluded from the dataset and additional criteria
used to filter SNPs from the dataset were as follows: 1) monomorphic SNPs; 2) SNPs having
more than 5 % missing genotypes across all the samples; 3) SNPs located on sex chromosomes
of the UMD 3.1 assembly (Zimin et al., 2009); and 4) SNPs showing strand discordances. These
quality control steps were carried out using PLINK v1.07 (Purcell et al., 2007). The final dataset
comprised of 698,452 SNPs for 138 animals.
For the British aurochs sample, 773,659 SNPs, which corresponds to SNP position in Illumina
BovineHD Genotyping BeadChip, were extracted from the whole genome sequencing (WGS)
reads of DNA. After extracting the 773,659 SNP positions, SNPs were selected for inclusion
in the final data set if SNP genotype quality ≥ 40 and SNP position read depth ≥ 5. After
filtering, the final aurochs data set consisted of 562,428 SNPs, of which 544,735 are located on
autosomes.
2.2.4 Population genetic structure and admixture
Principal component analysis (PCA) was carried out using the program SMARTPCA 6.0.1 from
the EIGENSOFT package (Patterson et al., 2006). The Reynolds’ genetic distances between
breeds with more than two samples were also calculated using the Gendist module of PHYLIP
3.69 (Felsenstein, 1989), which was followed by construction of a NeighborNet graph using
SPLITSTREE (Huson, 1998).
Population admixture analysis was carried out after selecting 96,671 SNPs with linkage disequi-
librium <0.25 using sliding windows of 50 SNPs with forward shift of 5 SNPs. ADMIXTURE
v1.22 (Alexander et al., 2009) was used to carry out the genetic admixture analysis with cross-
validation (CV) for values of K ranging from 1 to 40. In order to test for admixture across
primitive cattle populations, we calculated three-population test estimates (f3 statistics, Reich
et al., 2009) and their corresponding normalized value (z-scores) using all 698,452 SNPs in the
‘threepop’ module implemented in the TREEMIX software package (Pickrell and Pritchard,
2012). Three-population tests considers triplet of the populations (C;A,B), where C is the test
population with A and B as reference populations. We performed all possible triplet combina-
tions.
The z-scores were calculated by jack-knifing with blocks of 500 SNPs. If the z-score is signif-
icantly negative (z ≤-3.80, after Bonferroni correction for multiple testing), test population C
must have admixture from both the reference populations A and B (Patterson et al., 2012). For
test population “C”, only breeds with more than one sample were considered.
To assess the direction of gene flow, we calculated D statistics (Green et al.,2010) as implemented
in the ADMIXTOOLS (Patterson et al., 2012) software package. The D statistics method
24
Genetic origin, admixture and population history of aurochs and primitive
European cattle
Figure 2.1: Native origin of sampled cattle breeds used in the population genetic analy-
ses. Colours and shape refer to the geographic region of the breeds in the Europe (light
green: British and Irish region breeds, light blue: Dutch region breeds, light yellow: Alpine
breeds, light pink: Iberian region breed, lavender: Balkan-Italian breeds and dark yellow:
Jersey breed). Breed abbreviations: BS-Brown Swiss, FL- Fleckvieh, CH-Chianina, MA-
Maremmana, PO- Podolica, BU- Busha, RO- Romenian Grey, MA- Maltese, BK- Boskarin,
NE-Nelore, AN-Angler DB-Dutch Belted, DF- Dutch Friesian, GW- Groningen Whiteheaded,
HF- Holstein Friesian, MRY- Meuse Rhine Issel, EL- English Longhorn, GA- Galloway, WP-
White Park, HL- Highland, KC- Kerry cattle, HE- Heck, AL- Alentejana, AR- Arouquesa,
CC- Cachea, CL- Caldela, MI- Mirandesa, BC- Berrenda en Colorado, BN- Berrenda en Ne-
gro, CA- Cardena, LI- Lidia, LM-Limia, MN- Maronesa, PA-Pajuna, SA- Sayaguesa, TU-
Tudanca, JE- Jersey.
considers the tree topology (((W, X), Y), Z) where; Z represents the outgroup, Y the source of
admixture and W and X are the test populations. The D statistics method counts the “ABBA”
sites where W and Z share the outgroup allele (A) and X and Y share the derived allele (B)
as well as the “BABA” sites where W and Y shares the derived allele and X and Z shares the
outgroup allele. Admixture between Y and either of the test populations creates a significant
difference between the ABBA and BABA counts, with a z-score >3.0 (gene flow between W and
Y) or ≤-3.0 (between X and Y).
For the D-statistics method, we generated a yak (B.grunniens) SNP profile to be used as out-
group by splitting the yak scaffolds (Hu et al., 2012) into 600 bp segments followed by local
alignment against bovine genome build UMD 3.1 using bwa-mem (Li, 2013) and calling bovine
HD array positions using samtools mpileup (Li et al., 2009). Two approaches were followed to
select reads for mpileup. In the first approach, we used all uniquely mapped reads to perform
mpileup in order to maximize the number of allele positions. This approach generated 483,970
SNPs after filtering SNPs missing in either the aurochs or yak sample or both. In the second
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approach, we only used uniquely mapped reads that completely mapped to the bovine genome
in order to use exclusively high-confidence allele calling. This approach generated 77,558 SNPs
after filtering SNPs missing in either the aurochs or yak sample or both. Aurochs or zebu was
considered as a possible source of admixture and as test populations we compared either ALP
or BAI with all other remaining populations respectively.
2.2.5 Runs of Homozygosity
ROH were detected as described by Purfield et al. (2012) by using PLINK v1.07 with a sliding
window of 50 SNPs, allowing <100 kb between two consecutive homozygous SNPs, less than two
missing genotypes and one possible heterozygous SNP and a minimum length of 500 kbp.
2.3 Results
2.3.1 Population genetic structure and admixture
Genetic structure of cattle belonging to various geographical groups was analysed using the
PCA and genetic distance-based clustering. The PCA analysis does not take into account breed
membership but yields clear structure as samples from the same population clusters together
(Figure 2.2). The combination of the first two principal components (PC), namely, PC1 and
PC2 separates samples according to their geographic origin. PC1 accounts for 16.5 % of the
total variation and separates B. indicus (Nelore-NE) and B.taurus samples (Figure 2.2a). PC2
separates the cluster of BRI, NLD (north-western) cattle from another cluster of IBR, ALP and
BAI (southern-central) cattle. Furthermore, PC2 positions English Longhorn (EL) samples away
from other north-western European cattle samples. To explore the genetic structure only among
European cattle, the PCA was performed without B. indicus (NE) and outlier breeds (EL, MT)
as identified in the PCA of all samples (Figure 2.2a & b). Interestingly, the largest PC (PC1)
in the PCA of all European samples separates disperse cluster of BAI cattle from the remaining
European cattle indicating high divergence of BAI cattle (Figure 2.2c). PC2 separates densely
cluster IBR cattle from the overlapping cluster of north-western cattle indicating high genotypic
similarities among IBR cattle. The PCA analysis also suggests north-western European cattle
ancestry for JE breed. The British aurochs sample is positioned in the centre of the plot near
the junction of BAI and IBR samples.
A NeighborNet graph (Figure S1) separates breeds according to geographical origin. As ex-
pected, outlier breeds suggested by the PCA, such as EL along with Maltese (MT) and Cachena
(CC) have branches originating from the centre of the graph. Short branches in the graph also
indicate low divergence among Iberian cattle breeds. The IBS distance-based neighbour-joining
tree (Figure S2), with NE samples assigned as the artificial root, separates samples according
to their geographic origin in accordance with the PCA. The BAI population appears to be
paraphyletic, while IBR, ALP, NLD and BRI formed clear separate clusters.
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Figure 2.2: Principal component analysis (PCA) plot constructed for PC1 and PC2: (a)
based on all available samples; (b) excluding NE samples ;(c) excluding MT, EL and NE
samples. Samples are grouped based on their geographical region. Abbreviations: ALP-
Alpine, BAI-Balkan and Italy, BRI-British and Irish, HE-Heck, IBR- Iberian, JE- Jersey, MP-
Maremmana X Pajuna, NE-Nelore, NLD-Dutch. Breed abbreviations: BS-Brown Swiss, FL-
Fleckvieh, CH-Chianina, MA- Maremmana, PO- Podolica, BU- Busha, RO- Romanian Grey,
MA- Maltese, BK- Boskarin, NE-Nelore, AN-Angler DB-Dutch Belted, DF- Dutch Friesian,
GW- Groningen Whiteheaded, HF- Holstein Friesian, MRY- Meuse Rhine Issel, EL- English
Longhorn, GA- Galloway, WP- White Park, HL- Highland, KC- Kerry Cattle, HE- Heck,
AL- Alentejana, AR- Arouquesa, CC- Cachea, CL- Caldela, MI- Mirandesa, BC- Berrenda
en Colorado, BN- Berrenda en Negro, CA- Cardena, LI- Lidia, LM-Limia, MN- Maronesa,
PA-Pajuna, SA- Sayaguesa, TU- Tudanca, JE- Jersey.
In the ADMIXTURE analysis, estimates of cross validation (CV) decreases with increasing
number of user-defined ancestral populations (K) from 1 to 3 (Figure S3). Increasing K from
3 to 4 increases the CV only marginally, whereas at K >4, the CV error estimate increases
substantially, suggesting K=3 as the most likely number of clusters. The population subdivision
at K=2 reproduces the first PCA coordinate by separating NE samples (B. indicus) from all
European samples (B. taurus) and also indicates an apparent indicine component in BAI and HE
cattle (Figure 2.3). The population subdivision at K=3 reproduces the second PCA coordinate
by separating the IBR cluster from north-western samples. The NLD samples were assigned
to a separate cluster at K=4 (data not shown). The single aurochs sample displayed a mosaic
of genotypes presents in all clusters estimated across a range of K value from 2 to 8 (data not
shown).
Significant negative f3 statistics with NE zebu as one of the reference populations indicates for
the BAI breeds (Busha (BU), Chianina (CH) and Maremana (MA)) a zebu ancestry (Table
S2). A high number of significant negative f3 statistics (Table S3) suggests admixture between
regional cattle as is observed for all IBR breeds (except Marondesa). The majority of IBR
breeds, Chianina (CH), Jersey (JE), White Park (WP), Fleckvieh (FL), Dutch Belted (DB),
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Dutch Friesian (DF), MRY and Brown Swiss (BS) exhibits evidence of aurochs ancestry (at
least one significant f3 test with aurochs as one of the reference populations, Table S4). Non-
significant f3 statistics indicate isolated breed structures for majority of the BRI and NLD breeds
(Table S4). Contrary to the f3 statistics, D statistics with yak as outgroup (Z), aurochs as a
source of gene flow (Y) and ALP breeds as one of the sister taxa reveals the highest frequencies
of the aurochs alleles in the BRI cattle, lower frequencies in the IBR and the NLD cattle and
the lowest frequencies in the BAI cattle (Table 1 and Table S5). In agreement with the previous
analyses (PCA, ADMIXTURE and F3), the D-statistics with NE as a source of gene flow (Y)
also suggests the highest frequencies of zebu specific alleles in the BAI cattle (Table 2).
2.3.2 Runs of Homozygosity
The number of ROH per animal varied from 49 in a Busa (BU) to 357 in a Groningen White-
headed (GW) animal. For the total number of ROH per sample per breed (Table S6), the
EL breed displays the highest mean (∼310±14), while BU01 cattle displays the lowest mean
(∼62±14). As expected, the average proportion of the genome coverage by ROH correlates with
observed heterozyosity (Ho) (Figure S4). The highest average proportion of the genome covered
by ROH is observed in isolated breeds with low mean observed heterozygosity: EL (∼848±34
Mbp), MT (825±529 Mbp) and the Iberian Mirandesa (MI, 783±227 Mbp) (Table S6). In two
MT animals, the ROH accounted even for a third of their genome. Thus, the ROH coverage
in the genome varies considerably within regions with generally high values in a BRI breeds
(except WP breed) and a large spread of the value for BAI and IBR populations. The ROH
profiles (size vs. number) (Figure 2.4) display differences in pattern across the different cattle
populations. On the regional level,the BRI cattle exhibit the highest average cumulative size as
well as the highest average number.
Table 2.1: Result of D statistics performed to detect admixture from aurochs (Y) to either
W or X. The negative D statistics indicates that gene flow has occurred from Y to X and
the positive D statistics indicates that gene flow has occurred from Y to W. The asterisk (*)
indicates the significant Z-value. Abbreviations: ALP-Alpine, BRI-British and Irish, NLD-
Dutch, JE- Jersey, IBR- Iberian, BAI- Balkan and Italy.
W X Y Z D-stat Z-value
ALP BRI AU Yak -0.0289 -10.46*
ALP NLD AU Yak -0.0117 -4.55*
ALP IBR AU Yak -0.0081 -3.48*
ALP JE AU Yak -0.0168 -4.46*
ALP BAI AU Yak 0.0655 24.14*
IBR NLD AU Yak -0.0037 -1.81
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Figure 2.3: ADMIXTURE analysis plot showing model based population assignments for
the values of K=2 (upper) and K=3 (lower). Almost all BAI, AU and HE samples display a
possible zebu genetic component at K=2 and K=3. The number below each bar represents the
number of samples for the respective population. Abbreviations: ALP-Alpine, BAI-Balkan
and Italy, BRI-British and Irish, HE-Heck, IBR- Iberian, JE- Jersey, MP-Maremmana X
Pajuna, NE-Nelore, NLD-Dutch. Breed abbreviations: BS-Brown Swiss, FL- Fleckvieh, CH-
Chianina, MA- Maremmana, PO- Podolica, BU- Busha, RO- Romanian Grey, MA- Maltese,
BK- Boskarin, NE-Nelore, AN-Angler DB-Dutch Belted, DF- Dutch Friesian, GW- Groningen
Whiteheaded, HF- Holstein Friesian, MRY- Meuse Rhine Issel, EL- English Longhorn, GA-
Galloway, WP- White Park, HL- Highland, KC- Kerry Cattle, HE- Heck, AL- Alentejana,
AR- Arouquesa, CC- Cachea, CL- Caldela, MI- Mirandesa, BC- Berrenda en Colorado, BN-
Berrenda en Negro, CA- Cardena, LI- Lidia, LM-Limia, MN- Maronesa, PA-Pajuna, SA-
Sayaguesa, TU- Tudanca, JE- Jersey.
On the other hand, many samples from the BAI and IBR cattle display a cumulative size compa-
rable to cattle sampled from the BRI and NLD populations, but with a small number of ROHs,
indicating significant contribution primarily from long ROH. Long ROHs in the genome are a
consequence of recent inbreeding, Whereas short ROHs indicate distance ancestral relatedness
such as breed founder effect. In order to assess the distribution of ROHs length, ROH were
further classified into short (0.5-2Mbp), intermediate (2-8 Mbp) and long (> 8Mbp) (Figure
2.5). We also note that north-western as well as central European breeds compared to southern
European breeds display more instances of similar ROH patterns for all samples within breed.
For instance, all samples of GW breed display a similar distribution of ROH across different
categories of ROH length. In fact, for all GW samples more than 95 % of the total ROH length
belongs to the short to intermediate ROH categories.
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Table 2.2: The result of D statistics performed to detect admixture from Nellore (NE) (Y)
to either W or X. The negative D statistics indicates that gene flow has occurred from Y
to X and the positive D statistics indicates that gene flow has occurred from Y to W. The
asterisk (*) indicates the significant Z-value. Abbreviations: ALP-Alpine, BRI-British and
Irish, NLD- Dutch, IBR- Iberian, BAI- Balkan and Italy.
W X Y Z D-stat Z-value
BAI BRI NE Yak 0.0353 16.30*
BAI NLD NE Yak 0.0297 14.30*
BAI IBR NE Yak 0.0284 15.84*
BAI ALP NE Yak 0.0250 11.74*
Individual cattle from the same breed are expected to display similar ROH patterns because of
shared population history and similar treatments due to a common herdbook. Comparison of
BRI cattle to southern (IBR-BRI) populations shows over representation of all classes of ROH
(Figure 2.5).
To assess the within the diversity and effect of selection, exact sharing of ROH haplotypes
between animals from the same breed was also assessed (Table S7). The NE and EL samples
display highest numbers of shared ROHs between two or more individual cattle. Also, BRI
(except WP and KC breeds), HF and GW breeds compare to majority of southern European
cattle breeds display higher numbers of shared ROH segments.
2.4 Discussion
The inherent ascertainment bias in SNP arrays (Matukumalli et al., 2009) can result in an
overestimation of the homozygosity if applied to populations not included in the design of the
SNP array. However, the Illumina BovineHD Genotyping BeadChip was designed from a diverse
range of breeds comprising zebu, taurine and crossbred individuals. We therefore, do not expect
primitive samples to exhibit a high level of ascertainment bias. Small sample size per breed may
distort breed allele frequencies in ADMIXTURE analysis, thus, we only considered the initial
K values (from 2 to 4). The validity of D-statistics depends on the number of genetic markers
but does not require a large sample size per population (Patterson et al., 2012).
2.4.1 Population origin, admixture and history
The differentiation of indicine and taurine cattle as suggested by PCA and ADMIXTURE is a
likely consequence of separate domestication events that occurred within the Neolithic cultures
of the Indus Valley and the Fertile Crescent, respectively (Loftus et al. 1994). The PCA
and ADMIXTURE analysis also indicated significant genetic differentiation of north-western
30
Genetic origin, admixture and population history of aurochs and primitive
European cattle
Figure 2.4: The plot displays total number of ROH segments and total ROH size (in Mbp)
for all genotyped individuals. Many BAI and IBR samples display a total length comparable
to samples from the BRI population. Abbreviations: ALP-Alpine, BAI-Balkan and Italy,
BRI-British and Irish, HE-Heck, IBR- Iberian, JE- Jersey, NE-Nelore, NLD-Dutch.
(BRI and NLD), IBR and BAI cattle populations, which is in agreement with previous findings
(Cymbron et al. 2005; Decker et al. 2009; Gautier et al. 2010; Edwards et al., 2011). This
north-south difference has been hypothesised to reflect migrations of agriculturalists during the
Neolithic transition along the Mediterranean coasts and the Danube river, respectively (Cymbron
et al. 2005; Felius et al., 2014).
The divergence of the BAI cattle as suggested by PCA (Figure 2.2c) can be attributed to
an indicine genomic component which is identified in the ADMIXTURE (Figure 2.3) and D-
statistics (Table 2) analyses. By analysing the genome-wide SNP markers, McTavish et al.
(2013) and Decker et al. (2014) also reported an indicine influence on Italian cattle breeds.
Using whole genome sequences of ancient human DNA, Jones et al. (2015) and Haak et al.
(2015) suggested massive migration of Yamnaya steppe herders as a source of dispersion of
Indo-European languages to both northern-central Europe and India. These herders might also
have mediated gene flow between Indian zebu and Ukrainian steppe cattle. Contrary to the
ADMIXTURE analysis, the three population tests failed to display evidence for an indicine
genetic component in MT and BK which can be the result of substantial post-admixture drift in
these breeds. Investigating population history of Indian population using genome-wide SNPs,
Reich et al. (2009) also reported the failure of three population tests to detect admixture when
applied to populations with substantial genetic drift since the admixture.
Given the high genetic diversity in near Eastern cattle population (Utsunomiya et al., 2014), we
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expect low ROH abundance in the genome of BAI cattle due to its proximity to the near East
(centre of cattle origin) and presence of an indicine component. The result is in concordance with
the expectation, as BAI cattle display low number of ROH segments (Figure 2.4). This pattern
of diversity is also seen in humans and pigs, where a relationship exists between ROH abundance
and distance to source of origin (Kirin et al., 2010; Bosse et al., 2012). Several BAI breeds such
as Busha (BU02), Maltese (MT) and Boskarin (BK), however, display high cumulative ROH
length manifested as long ROH (Figure 2.5c) indicating inbreeding due to recent reduction of
the effective population size.
Figure 2.5: The plot displays breed-wise distribution of ROH segments for each individual
in three size classes: a) short ROH (0.5-2Mbp); b) medium ROH (2Mbp-8Mbp) and c) long
ROH(>8Mbp). Abbreviations: ALP-Alpine, BAI-Balkan and Italy, BRI-British and Irish,
IBR- Iberian, NLD-Dutch.
The separate position of the dense IBR cluster in the PCA (Figure 2.2), short branches in the
NJ network (Figure S1), and a high number of significant three population tests (Table S3), all
suggest a high level of gene flow between IBR cattle breeds which may have resulted in high
genetic similarities and low divergence among IBR breeds. These results probably reflect the
geographic isolation of the Iberian Peninsula, and the relatively recent (after 1920) introduction
of herd books for Iberian cattle breeds (Felius et al., 2014).Under this scenario, the formal
definition of local Iberian breeds may have been an afterthought. Analysing BovineHD SNP
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array data, Can˜as-A´lvarez et al (2015) also reported low divergence among Spanish beef cattle
breeds which they attributed to local admixture.
Because of the high admixture among local Iberian cattle identified in the present study and
the presence of African cattle ancestry in the genomes of Iberian cattle as reported previously
(Decker et al., 2014), we expect low ROH abundance across the genomes of IBR cattle. The result
was in concordance with the expectation as IBR cattle display low ROH abundance compared
to BRI cattle. Exceptions were the Cachena (CC) and Mirandesa (MI) (Table S6) as well as
several individuals of other breeds (Figure 2.5) with high cumulative ROH length as well as high
number of ROH. We propose that this reflects a breed management that does not always avoid
crossing of related animals. This may be typical of local populations with a small geographical
range. Analysing genetic diversity in Iberian cattle breeds using microsatellite markers, Ginja
et al. (2010) also reported low genetic diversity in Mirandesa breed.
The similarity of productive NLD and the more primitive BRI breeds as suggested by the PCA
(Figure 2.2) and ADMIXTURE analysis (Figure 2.3) may reflect the export of Dutch sires to
England since the 16th Century (Felius et al., 2014). The three-population tests (Table S3)
suggest a well differentiated breed structure for the majority of the BRI and NLD breeds. How-
ever, post-admixture genetic drift in the population can mask the signal of the test (Patterson
et al., 2012) which is likely in the case of Heck cattle, a complex admixed population derived
from several diverse European cattle breeds (Van Vuure, 2005), in particular, the Hungarian
grey, which can explain the minor signature of zebu admixture evident in the ADMIXTURE
results. The separate position of the Jersey (JE) breed in the PCA plot (Figure 2.2c) indicates
its virtually complete isolation since 1763 (Felius, 2007).
The fact that cumulative ROH size (Figure 2.5) is dominated by an abundance of short to
intermediate ROHs (0.5-8 Mbp) in NLD as well as BRI breeds indicates the pattern of an
isolated population based on a source population of substantial size. An abundance of ROH
due to genetic isolation has also been reported in other species such as in Japanese Wild boar
(Bosse et al., 2012). The low abundance of long ROH in NLD breeds (Figure 2.5), particularly
in GW and HF breeds, reflects a breed management that is successful in avoiding crossing
of related animals probably by maintaining a sufficient effective population size. Isolation of
breeds with a relatively small population size increases the probability of inheritance of identical
segments as evident clearly in British and Irish region cattle breeds (English Longhorn (EL),
HL (Highland) and Galloway (GA)). On the other hand, breeding systems involving intensive
culling, usage of few elite bulls and selection in commercial populations may also contribute to
increase the overall homozygosity and produce ROH patterns similar to those seen as a result of
a bottleneck (Kim et al., 2013). Thus, it is difficult to disentangle the effect of a bottleneck from
selection or vice-versa. Hence, high sharing of ROH haplotypes (Table S7) as detected between
the individuals within BRI breeds can also be the result of confounding process like selection
or a bottleneck. The predominant short ROH fragments in EL, HL and KC also indicate a
low degree of recent consanguinity. The low genetic diversity of the BRI breeds as observed in
terms of high cumulative ROH is in line with previous studies using microsatellite, AFLP and
SNP markers (Cymbron et al., 2005; Purfield et al., 2012; European Cattle Genetic Diversity
Consortium, 2006; Utsunomiya et al., 2014).
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2.4.2 Local aurochs’ gene flow in the gene pool of domestic cattle
The D-statistics (Table 1 and Table S5) showed the highest frequency of aurochs derived alleles
in BRI cattle. Conversely, the lowest number of aurochs-like derived alleles is reported in BAI
cattle. One of the most likely explanations for this result is gene flow from British aurochs
(or continental European aurochs from the same meta-population) into the ancestors of north-
western and southern-central (IBR-ALP) European cattle breeds. Several scenarios have been
put forward for post-domestication hybridization between wild aurochs and the ancestors of
extant domestic cattle breeds (Go¨therstro¨m et al., 2005; Beja-Pereira et al., 2006; Achilli et al.,
2008; Schibler et al., 2014). Using 15,498 SNP markers derived from the same aurochs WGS
data used here, Park et al. (2015) also provided evidence for gene flow from aurochs into the
ancestors of north-western European cattle breeds. Our study, in addition to north-western
European breeds, also include various breeds from the Iberian Peninsula and report a high
frequency of aurochs-specific derived alleles in the Iberian cattle compared to central European
and Balkan-Italian cattle. Archaeological findings from the Mesolithic period also indicate a
higher concentration of wild aurochs in north-western Europe than southern Europe. A large
proportion of aurochs’ fossils has been recovered from Britain indicating high concentration of
wild aurochs in Britain during the Mesolithic period (Wright, 2013). Additionally, Anderung et
al. (2005) also identified P mitochondrial haplotypes in a Bronze Age aurochs sample excavated
from northern Spain, indicating a wide geographic distribution of aurochs. On the other hand,
the low frequency of aurochs-specific derived alleles in the BAI cattle may indicates no or very
limited contact between the ancestor of the BAI cattle and the British aurochs. Our results,
however, do not rule out the possibility of gene flow from different aurochs populations with T
haplotypes into the ancestors of the extant BAI cattle.
Further analysis of ancient DNA samples of aurochs and primitive cattle populations from across
Eurasia is needed to thoroughly examine aurochs gene flow into ancestors of extant cattle, and to
identify the population genomics processes that accompanied domestication. Our data suggest
that this is also relevant for further understanding the genetic variation of the present European
cattle breeds.
2.5 Data archiving
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2.9 Corrigendum
Correction to: Heredity (2017) 118, 169–176; doi:10.1038/hdy.2016.79; published online 28
September 2016 Following the publication of this article the authors have noticed an error
in the code used for three-population tests which led to change in the results, in particular, for
Iberian cattle (revised Supplementary Materials are provided with this correction). Therefore,
the below paragraphs should be amended:
In the RESULTS section, the fourth paragraph should be changed from: Significant negative f3
statistics with NE zebu as one of the reference populations indicates for the BAI breeds (Busha
(BU), Chianina (CH) and Maremana (MA)) a zebu ancestry (Supplementary Table S2). A
high number of significant negative f3 statistics (Supplementary Table S3) suggests admixture
between regional cattle as is observed for all IBR breeds (except Maronesa). The majority
of IBR breeds, Chianina (CH), Jersey (JE), White Park (WP), Fleckvieh (FL), Dutch Belted
(DB), Dutch Friesian (DF), MRY and Brown Swiss (BS) exhibits evidence of aurochs ancestry
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(at least one significant f3 test with aurochs as one of the reference populations, Supplementary
Table S4). Non-significant f3 statistics indicate isolated breed structures for the majority of the
BRI and NLD breeds (Supplementary Table S4).
To: Significant negative f3 statistics with NE zebu as one of the reference populations indicates
a zebu ancestry for the BAI breed Busha (BU) (Supplementary Table S2). A high number of
significant negative f3 statistics (Supplementary Table S3) suggests admixture between regional
cattle, as is observed for some IBR breeds. Only one IBR breed displayed aurochs ancestry.
Non-significant f3 statistics indicate isolated breed structures for all of the BRI and NLD breeds
(Supplementary Table S4). In the DISCUSSION section, result will slightly change from: The
three-population tests (Supplementary Table S4) suggest a well differentiated breed structure
for the majority of the BRI and NLD breeds. To: The three-population tests (Supplementary
Table S4) suggest a well differentiated breed structure for all the BRI and NLD breeds.
It is worth noting that no conclusions have been drawn solely based on the three-population tests.
Overall interpretations are also based on PCA, ADMIXTURE, distance based phylogenetic tree,
D-statistics and Runs of homozygosity. Hence, these changes do not affect any of the central
messages of the paper. All the analysis carried out in the paper remains perfectly reproducible.
The authors wish to apologize for any inconvenience caused.
2.10 Supplementary information
Supplementary information can be found at https://www.nature.com/articles/hdy201679
#supplementary-information
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Abstract
The divergence between indicine cattle (Bos indicus) and taurine cattle (Bos taurus) is estimated
to have occurred ∼ 250,000 Years ago, but a small number of European cattle breeds still display
shared ancestry with indicine cattle. Additionally, following the divergence of African and
European taurine, the gene-flow between African taurine and southern European cattle has also
been proposed. However, the extent to which non-European cattle ancestry is diffused across
southern European cattle has not been investigated thoroughly. Also, in recent times, many
local breeds have suffered severe reductions in effective population size. Therefore, in the present
study, we investigated the pattern of genetic diversity in various European cattle based on single
nucleotide polymorphisms (SNP) identified from whole genome sequencing data. Additionally,
we also employed unlinked and phased SNP based approaches on high-density SNP array data
to characterize non-European cattle ancestry in several southern European cattle breeds. Using
heterozygosity-based parameters, we concluded that, on average, nucleotide diversity is greater
in southern European cattle than western European (British and commercial) cattle. However,
an abundance of long runs of homozygosity (ROH) and the pattern of Linkage disequilibrium
decay suggested recent bottlenecks in Maltese and Romagnola. High nucleotide diversity outside
ROH indicated a highly diverse founder population for southern European and African taurine.
We also show that Iberian cattle display shared ancestry with African cattle. Furthermore,
we show that Podolica is an ancient cross-bred between Indicine zebu and European taurine.
Additionally, we also inferred similar ancestry profile of non-European cattle ancestry in different
Balkan and Italian cattle breeds which might be an indication of the common origin of indicine
ancestry in these breeds. Finally, we discuss several plausible demographic scenarios which
might account for the presence of non-European cattle ancestry in these cattle breeds.
Keywords: genetic diversity, SNPs, haplotype, admixture, cattle, indicine ancestry, southern
European, African taurine
38
Deciphering the pattern of genetic admixture and diversity in southern
European cattle using Genome-wide SNPs
3.1 Introduction
Modern cattle originated from at least two different species of wild aurochs: Bos primigenius
primigenius (European aurochs) and Bos primigenius namadicus (Indian aurochs). Analyses
based on mitochondrial DNA (mtDNA) have estimated the divergence date between these two
species from ∼117,000 to ∼332,400 years before present (YBP)(Achilli et al., 2008; Bradley,
Machugh, Cunningham, Loftus, 1996; Loftus, Machugh, Bradley, Sharp, 1994). Subsequently,
the near Eastern population of Bos. p. primigenius was domesticated ∼10,000 YBP giving
rise to domesticated taurine population (Troy et al., 2001), while Bos. p. namadicus was
domesticated ∼8,000 YBP, somewhere in the Indus valley giving rise to the modern zebu (cattle
with hump aka indicine) population (Chen et al., 2010). The occurrence of a third domestication
event involving African aurochs in north-eastern Africa is still debated (Grigson, 1991; Loftus
et al., 1994; Pitt et al., 2018). However, recent studies based on genome-wide SNPs refuted
this hypothesis of third domestication centre and instead, proposed the gene flow from African
aurochs resulting in high divergence of African taurine (Pitt et al., 2018; Decker et al., 2014).
This hypothesis of African aurochs introgression, however, is yet to be tested because DNA
from an ancient specimen of African cattle is not available. Conversely, analyses of genome-wide
SNPs from ancient European aurochs have provided novel insights into the post-domestication
contribution of ancestral aurochs to the gene pool of modern European cattle. For instance,
studies have suggested that British cattle followed by Iberian and Dutch cattle may carry an
abundance of aurochs specific alleles compared to either African or near Eastern taurine breeds
(Park et al., 2015; Upadhyay et al., 2016). More aurochs samples from different parts of Europe
and at different time points, however, are needed for further validation of these results.
Based on the archaeological evidences (Martins et al., 2015; Zilhao, 1993) and genomic analysis
of DNA sequences of ancient farmers (Hofmanova´ et al., 2016), at least two migration routes
have been suggested to explain the expansion of Neolithic farmers along with their domesticated
animals after early domestication of European aurochs in the Near East. Following these early
migrations, various instances of gene flow involving non-European cattle into the gene pool of
southern European cattle have been suggested. For instance, mtDNA, microsatellite markers
and genome-wide SNP based studies have shown the presence of African taurine ancestry in
Iberian breeds (Beja-Pereira et al., 2003; Cymbron et al., 2005, Ginja et al., 2010a, 2010b;
Decker et al., 2014). On the other hand, several Italian breeds also carry complex non-taurine
ancestry. For instance, analysing microsatellite markers, Cymbron et al., (2005) reported the
highest frequency of indicine population-associated alleles in Greek and Italian cattle breeds,
while Decker et al., (2014) reported the dual ancestry—African taurine as well as indicine—in
three Italian cattle breeds namely, Chianina, Romagnola and Marchigiana. However, the origin
of such dual ancestry remains unclear. Moreover, it is also not known whether other Balkan
and Italian (BAI) cattle breeds such as Busha and Maremmana, also carry the similar dual
ancestry. Further, the genetic admixture pattern in southern European cattle has mostly been
investigated using either mitochondrial DNA (Di Lorenzo et al., 2018; Pellecchia et al., 2007)
or microsatellite markers (D’Andrea et al., 2011). Conversely, genome-wide high-density SNP
markers have scarcely been used for detailed characterization of the non-European ancestry in
3.2 Material and methods 39
southern European cattle.
The European indigenous native cattle breeds are valuable genetic resources as they are well
adapted to local environments. For instance, Maremmana became well adapted to the hot
and humid environment of Tuscan Maremma plain, once wetlands where malaria was endemic.
Further, it has been postulated that some local breeds like Busha might have conserved an
abundance of rare alleles because of their large effective population sizes (Medugorac et al.,
2009). Indeed, conservation analyses have prioritized some local European cattle for conser-
vation, namely from Iberia (Canon et al., 2001; Catarina Ginja et al., 2013). Additionally, in
some cases, the certified products obtained from local breeds provide an additional value that
distinguishes them from non-native breeds (Di Trana et al., 2015). Furthermore, local breeds
are also attached to several traditions of cultural heritage. The rapid decline of local breeds,
however, remains a major concern. It has been estimated that of the 640 global cattle breeds
with known “risk status”, 171 breeds can be classified under “at risk” category while 184 breeds
are already extinct (FAO, 2015). In our previous study, we also reported the recent reduction
in effective population size for several southern Europe breeds such as Mirandesa and Maltese
(Upadhyay et al., 2016). Therefore, a comprehensive understanding of the status of current
genetic diversity and demographic processes driving these changes will have a large impact on
their ongoing conservation efforts.
In this study, genome-wide SNPs data were generated using two different approaches: BovineHD
SNP array genotyping and whole genome sequencing (WGS). At first, we used the genotypes
obtained from WGS of European cattle to assess genetic heterozygosity and change in recent
demography, followed by identification and assessment of non-European ancestry in southern
European cattle (Iberian, and Balkan and Italian cattle) using BovineHD SNP array data.
3.2 Material and methods
3.2.1 Whole genome sequencing data, alignment, and variant calling
Blood, hair roots or semen samples were collected from twelve individuals from Balkan and Ital-
ian cattle breeds (one Boskarin, two Busha, one Chianina, four Maltese, one Italian Podolica, and
three Maremmana), and seven individuals from Iberian cattle breeds (one Limia, one Maronesa,
two Pajuna, two Sayaguesa and one Tudanca). DNA was extracted either using QIAamp DNA
blood spin kit (Qiagen Sciences) or® Blood & Tissue Kit (Qiagen Sciences). DNA quantification
and qualification were carried out using Qubit 2.0 fluorometer (Invitrogen). Library construction
was carried out with 0.5-3 µg of genomic DNA following the Illumina library prepping protocols
(Illumina Inc.).
All the 19 individuals were paired-end re-sequenced with the Illumina sequencing technology
(Illumina Inc.). We also obtained additional 18 WGS data (15 raw sequenced data and 3 WGS
alignment) of several commercial and traditional cattle from previous studies (Bickhart et al.,
2016; Daetwyler et al., 2014; Kim et al., 2017; Murgiano et al., 2014). All the detailed sample
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information is given in Table S1. To perform the quality-based trimming on each fastq file, sickle
(Joshi and Fass et al., 2011) was run with the default settings excepts for the length threshold
of 50 bp. Following this trimming, BWA-mem (Heng Li, 2013) algorithm was used to align
the quality-trimmed fastq files against the bovine reference genome build UMD 3.1. After the
alignment, duplicate reads were removed from the bam files using “Samtools rmdup” (H. Li
et al., 2009). Finally, “RealignTargetCreator” and “IndelRealigner” arguments as implemented
in Genome analysis toolkit 3.1 (GATK) (H. Li et al., 2009) were used to perform local read
realignments.
Multi-sample variant calling was carried out using freebayes (Garrison Marth, 2012) with the
default settings except for the parameters minimum base quality (–min-base-quality 20) and
haplotype length (–haplotype-length 0). Under the default parameters, freebayes only considers
the alternate allele as a SNP if it is covered by at least two reads or present in at least 0.2
fractions of the total reads aligned at a position in at least one sample. Following this early
round of SNP calling, vcftools (Danecek et al., 2011) was used to discard variants using these
criteria: 1).indel positions, 2). SNP variants with more than two alleles. 3). SNP variants
with genotyping quality less than thirty, 3). SNP with a minimum depth less than four and a
maximum depth greater than thirty (avoid erroneous genotypes due to CNV). The concordance
between genotypes as called from the whole genome sequencing dataset and BovineHD array
dataset was examined using seven samples for which both genotype sets were available.
3.2.2 Estimation of heterozygosity using whole genome sequences
The genetic heterozygosity was estimated in each individual whole genome sequence using mlRho
(Haubold et al., 2010). The method implemented in mlRho co-estimates the population mutation
rate (θ) and sequencing error rate () using Maximum likelihood approach. If the value of θ is
small, the estimate of theta approximately reflects heterozygosity under an infinite allele model.
For this analysis, we used UMD 3.1 aligned data with mapping quality>15, base quality >25
and sites with the depth between 4 and 30.
3.2.3 Assessment of recent demographic change using Runs of homozygosity
(ROH) analysis
Runs of homozygosity (ROHs) were extracted from whole-genome sequence data following the
procedure implemented as in Bosse et al., (2012), using sliding windows approach of 10 kbps. We
defined an ROH as a genomic region of at least 20 kbps where the number of heterozygous SNPs
per bin (or SNP count) was less than 0.25 times the whole-genome nucleotide diversity, and at
least 20 consecutive bins showed a total SNP average lower than the total genomic average. Local
assembly or alignment errors were minimized by relaxing the threshold for individual bins within
a candidate homozygous stretch, allowing the number of SNPs per bin to be maximum twice
the genomic average and the average SNP count within the candidate ROH to not exceed 2/3
the genomic average. Both whole-genome nucleotide diversity and nucleotide diversity within a
3.2 Material and methods 41
candidate ROH were estimated from well-covered sites only, which were defined by a depth of
coverage between 4X and 30X.
3.2.4 BovineHD genotyping array data and filtering
BovineHD SNP genotyping array data of various European, African and Indian cattle as pub-
lished in the previous studies (Bahbahani et al., 2017; Upadhyay et al., 2016; Barbato et al.,
unpublished) were obtained and merged for the top alleles using PLINK (Purcell et al., 2007).
For the present study, several additional animals of various Italian and Iberian cattle breeds
were genotyped using BovineHD SNP array. The merged BovineHD genotyping array data was
filtered using PLINK (Purcell et al., 2007) to keep the animals with more than 90% of genotypes
called (–mind 0.1), SNPs that were present across at least 95% of the samples (–geno 0.05), and
SNP with minor allele frequency >=1% (–maf 0.01). The complete total BovineHD genotyping
dataset was consists of 670k SNPs and 358 samples (Table S2).
3.2.5 Population admixture using the unlinked SNPs
Genetic admixture patterns of southern European cattle breeds in relation to non-European
taurine and zebu were characterised using: 1). model based clustering as implemented in AD-
MIXTURE (Alexander, Novembre, Lange, 2009), 2). treemix analysis (Pickrell Pritchard,
2012), 3). three population test (Reich, Thangaraj, Patterson, Price, Singh, 2009). The AD-
MIXTURE analysis was carried out with 1,000 bootstrap replicates for population cluster (K)
values from 2 to 6. Prior to the ADMIXTURE analysis, a linkage disequilibrium (LD) pruning
was performed, to reduce the overall pairwise LD to <0.10. We used the python package pong to
generate the figures based on ADMIXURE result (Behr, Liu, Liu-Fang, Nakka, Ramachandran,
2016). Treemix analysis (Pickrell Pritchard, 2012) was carried out to investigate the migration
events of zebu and African cattle during the domestication history of European taurine. In brief,
we followed the procedure of Decker et al., (2014): first we generated maximum likelihood based
phylogenetic tree of all cattle populations, and iteratively, we added one migration edge to the
previouslys generated graph with “m” migration edge. We rooted the graphs with yak (as an
outgroup), used blocks of 1,000 SNPs, and applied the “-se” option to estimate standard errors
of migration proportions. For this analysis, the scaffolds of yak genome assembly (Hu et al.,
2012; Qiu et al., 2012) was aligned to the bovine UMD 3.1 assembly and processed as described
in Upadhyay et al., (2016). Moreover, the SNP genotyping data of the British aurochs (Park et
al., 2015) were also used in this treemix analysis. The treemix analysis was run five separate
times, each time using different seeds, to assess the consistency of migration edges across differ-
ent runs. Additionally, the f3 tests, which considers the correlation of allele frequencies across
the genome-wide markers, was also carried out to provide support to admixture analysis. The
f3 test with Z-score less than -3.0 was considered as significant. The three population tests were
carried out using ADMIXtools (Patterson et al., 2012).
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3.2.6 Population admixture using the phased SNPs
Phasing
We phased genotypes of each autosomal chromosome separately using Beagle 4.1 (Browning
Browning, 2007) by setting all the parameters as default. The recombination map of cattle was
used from the previous study (Ma et al., 2015). This recombination map comprises of 59,309
SNPs markers for 29 autosomes with an average distance of 0.043 cM in males and 0.039 cM in
females. Our data, however, comprised consisted of ∼670K SNPs; and hence, for an SNP with
unknown recombination rate in our dataset, we assign it the value of nearest SNP with a known
location in recombination map, thus, keeping the overall genetic distance between markers same
as that of the consecutive markers in original recombination map (Ma et al., 2015).
3.2.7 ChromoPainterv2 to infer the coancestry matrix
To infer population admixture using the phased data, Li and Stephens (2003) algorithm as
implemented in ChromoPainterv2 (Lawson, Hellenthal, Myers, Falush, 2012) was used. The
underlying algorithm takes into consideration LD and underlying recombination process along
the markers and reconstructs each haplotype as a recipient of a series of genetic chunks from
all the other “donor” haplotypes. ChromoPainterv2 first calculates nuisance parameters, n
(like effective population size) and M (population mutation rate), to implement them in a
probabilistic model that calculates copying probability of genetic chunks in a recipient haplotype
given the other donor haplotypes. We used SNPs located on chromosomes 1, 2, 7, and 12 to
infer the “n” and “M” using 10 iterations of Expectation Maximization (EM) algorithms. The
obtained values of “n” and “M” were: 307 and 0.0012 respectively. Finally, these inferred values
were fixed in the algorithm to obtain the ChromoPainter coancestry matrix (count matrix as
well as length matrix) that measures the haplotype sharing among the samples across all the
chromosomes.
3.2.8 FineSTRUCTURE algorithm to cluster the samples
Once we obtained the count of shared haplotypes between different samples, we used the
FineSTRUCTURE to cluster the samples into genetically homogeneous groups. Following Leslie
et al., (2015), FineSTRUCTURE was run for 2 million Markov-Chain-Monte-Carlo (MCMC)
iterations with the initial 1 million iterations discarded as “burn-in” and following these “burn-
in”, sampling from the posterior distribution was carried out at every 10,000 iterations. Later,
as recommended in Lawson et al., (2012), we ran 10,000 “hill climbing” iterations on the MCMC
iteration with the highest posterior probability to get the final cluster assignment.
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3.2.9 GLOBETROTTER to estimate the admixture proportion
The multiple linear regression model as implemented in the GLOBETROTTER algorithm was
used to assess the ancestral makeup of Balkan and Italian cattle breeds in terms of ancestry
contribution from various taurine and zebu clusters. In brief, we model the genome of each BAI
cattle breed as a linear mixture of the taurine and zebu donor populations using the method
described in Leslie et al., (2015). To estimate the standard error in these ancestry proportions,
we applied delete-one chromosome jack-knife approach (Busing et al., 1999) as described in
Montinaro et al. (2015).
As the estimates of admixture dates and ancestry proportions depend on the true underlying
recombination rate between any two consecutive SNPs, we interpolated true average recombi-
nation rate based on the cattle recombination map constructed by Ma et al., (2015).
3.2.10 Linkage disequilibrium decay and estimation of effective population
size
To assess the change in effective population size and the pattern of LD decay, the SNeP v1.11
(Barbato, Orozco-terWengel, Tapio, Bruford, 2015) software was used. The LD decay analysis
was run with the following parameters: -mindist 5000, -maxdist 2000000, -numBINS 50, -maf
0.05.
3.3 Results
3.3.1 Profile of heterozygosity and Runs of homozygosity
Individual genomes of 19 southern-Eastern European cattle were sequenced and genotyped along
with 18 additional whole genome sequences downloaded from NCBI SRA (Detail information
in Table S1). These additional sequences were comprised of individuals from Indian zebu (two
Gir), African zebu (two Kenana), African taurine (four N’Dama), British (two Belted Galloway,
two Dexter, one Hereford), Italian (two Romagnola), and commercial (one HF, Jersey, and
Simmental each) cattle breeds. This sampling scheme allowed to compare the genetic diversity
and recent demographic changes between cattle from a wide range of geographical regions. The
coverage of re-sequenced genomes across samples in the final bam files varied from ∼2.6 x to
∼16 x (Table S1). The alignment was performed against UMD3.1 using bwa-mem, and the
alignment rate was greater than 98% for all the samples. The total number of SNPs identified
after performing quality filtering in bam file and post-SNP calling was greater than 30 million.
The genotyping concordance (Table S1) between SNPs genotyped using the BovineHD SNP
array and SNPs genotyped using whole genome sequencing was ∼ 94% for all seven samples,
probably indicating the low proportion of false positive SNPs in the dataset.
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Figure 3.1: Boxplots showing average population scaled mutation rate (A) and average het-
erozygosity calculated in 10 Kbp window using whole genome sequencing data. Abbreviations
(Population Ids): AFRTAU- African Taurine, AFRZEB- African Zebu, BAITAU- Balkan and
Italian Taurine, IBRTAU- Iberian Taurine, INDZEB- Indian Zebu, WESTAU- western Euro-
pean Taurine. Refer to Table S1 for the breed abbreviations.
We used two different approaches to estimate heterozygosity from whole genome sequences of
cattle. Both the approaches - population mutation rate (θ) as well as nucleotide diversity cal-
culated as an average number of heterozygous sites in a 10 kbp window- indicated relatively
low heterozygosity in western European cattle, while several southern European individuals dis-
played the levels of heterozygosity comparable to African taurine (Figure 3.1). All Maremmana
(MA) individuals consistently displayed a high value of heterozygosity in both the approaches
(Figure 3.1A & 3.1B). The African zebu cattle displayed the highest values of heterozygosity,
probably due to the admixed nature of their genome (Bahbahni et al., 2017).
The number and total length of ROHs in the genome did not vary sharply among cattle from
different regions (Figure 3.2B). In concordance with the previously described heterozygosity es-
timates, several southern European individuals displayed the number and cumulative length of
ROHs comparable to that of N’Dama cattle. On an average, Maltese as well as N’Dama individ-
uals, despite the low number of ROHs in their genome, have a substantial part of their genome
under ROHs indicating a significant contribution from long ROHs. This is an indication of a
recent reduction in the effective population size of Maltese cattle. The commercial and British
individuals displayed the highest number of ROHs as well as a high cumulative length of ROH
(Figure 3.2B), probably a result of intense selection. We also estimated the nucleotide diversity
outside the ROH regions (pi out), and the result (Figure 3.2A) consistently indicated greater
values in southern European individuals compared to the west European cattle. Also, N’Dama
individuals have the highest pi out values among all the taurine cattle. These results could in-
dicate that southern European and African taurine cattle are descendant of diverse ancestral
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Figure 3.2: Boxplots showing average heterozygosity calculated in 10 Kbp window outside
ROH (A) and distribution of ROH (B) using whole genome sequencing data. Abbreviations
(Population ids): AFRTAU- African Taurine, AFRZEB- African Zebu, BAITAU- Balkan
and Italian Taurine, IBRTAU- Iberian Taurine, INDZEB- Indian Zebu, WESTAU- western
European Taurine. Refer to Table S1 for the breed abbreviations.
population. We note that the ROH profile (Figure 3.2B) of Busha, which is characterized by
the low number and low cumulative length - might also be a consequence of their low genome
coverage (∼2-4 x).
3.3.2 Investigation of genetic admixture using unlinked SNPs
To investigate the presence of indicine and African cattle ancestry among southern European
cattle, admixture analysis was initially run on the entire dataset of 358 individuals for values of
K between 2 and 11. For values of K from 2 to 6, all Iberian samples display minor component
of African cattle ancestry in their genome (Figure 3.3A).
Among Balkan and Italian (BAI) breeds, Busha (BU), Maremmana (MA), Chianina (CH), and
Marchigiana (MCGFH) display African as well as indicine cattle ancestry in their genome. On
the other hand, at the value of K=5 and K=6, Romagnola (ROMFH) displays only single
ancestry which is also one of the ancestral components in almost all European taurine samples.
We hypothesized that this unique cluster of Romagnola is the result of a significant bottleneck
due to a recent reduction in the effective population size. To test this hypothesis, we performed
linkage disequilibrium decay analysis to estimate the change in effective population size for all the
breeds with sample size more than >13 (Figure 3.3B). The analysis indicated greater historical
effective population size, but slow LD decay in Italian cattle breeds compared to the commercial
cattle breed HF. Such slow LD decay indicates the presence of long haplotypes which are usually
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Figure 3.3: Unsupervised hierarchical clustering (A) showing results for inferred number
of clusters, K varying from 2 to 6. Linkage disequilibrium decay analysis (B) comparing
central Italian cattle breeds against commercial cattle breeds. Refer to Table S2 for the breed
abbreviations.
consequences of bottleneck event.
To supplement the admixture analysis, the f3 tests (Figure 3.4) were also carried out to deter-
mine whether any southern European cattle breed could be modelled as an admixture between
European taurine and other non-European cattle. The f3 tests, which were performed with
British, Dutch or Iberian breeds as one of the reference population and any zebu breeds as
another reference population, resulted in significant z-value for the target population of Busha
(Figure 3.4A). This provided strong evidence in favour of admixed origin of Busha. In case of
Pajuna, only the tests with Hereford (HFD) as one of the reference population and any African
taurine or any zebu cattle as another reference population, resulted in significant negative z-
value (Figure 3.4B). A similar pattern (Figure 3.4C) was observed in Marchigiana as well; all
the f3 tests involving Hereford (HFD) and any of the zebu cattle breeds as reference populations
resulted in significant z-value. These results could indicate that British cattle are the most
suitable surrogates (in our data) for the European taurine that contributed to Busha, Pajuna
and Marchigiana cattle ancestry or it could also indicate an artefact of the ascertainment bias
of BovineHD SNP array. Though Patterson et al. (2012) have shown that, on the whole, f3
tests are unaffected by SNP ascertainment bias, they also indicated that differential population
frequency, just by chance, could also lead to false positive signals. To test this hypothesis, we
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Figure 3.4: Three population tests with Pajuna (A), Marchigiana (B), Busha (C), and
Podolica (D) as target populations. In case of Podolica, f3 tests were performed on whole
genome sequencing data while for the remaining population f3 tests were performed on SNP
array data. The dot shows f3 statistics value, while horizontal bar shows plus or minus
standard error. Refer to Table S2 for the breed abbreviations.
performed three-population tests using two sets of genotypes obtained from WGS data: 1).
Genotypes identified from aligning the cattle sequences against the taurine reference (UMD
3.1) and 2). Genotypes identified from aligning the cattle sequences against indicine reference
(Bos indicus 1.0). Interestingly, across both genotype sets, only a Podolica sample generated
significant negative z-value for f3 tests with British, Dutch or Iberian cattle as one and Gir as
another reference population (Figure 3.4D).
To investigate the cattle phylogeny and relationship across Indicine, African and taurine lineages,
the phylogenetic tree was constructed by applying the maximum likelihood (ML) algorithm as
implemented in the software treemix. The ML based phylogenetic tree (Figure 3.5) topology
perfectly captures known relationships among taurine and zebu cattle populations. Using Yak
as an outgroup, the tree displays the first split between taurine and zebu cattle which is followed
by a split between domestic taurine and wild British aurochs. African taurine appears to be
the most divergent among all domestic taurine, while Balkan and Italian breeds appear to be
paraphyletic. All Iberian breeds display short branch lengths and form a single clade.
To investigate the migration events involving indicine and African cattle in southern European
cattle, we run five independent treemix analysis, each initialized with different random seeds.
Across all the runs, the graph model without any migration edges explained about 98.73% of the
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Figure 3.5: Maximum Likelihood based phylogenetic tree. Scale bar shows 10 times the
average standard error of the estimated entries in the sample covariance matrix. Refer to
Table S2 for the breed abbreviations.
total variance (Figure S1) in relatedness between populations meaning that adding migration
events would improve the fit within a graph. Across all the treemix runs (Figure S2), we
either observed migration edges between African taurine and Iberian breeds, or the same clade
for African taurine and Iberian samples. Interestingly, all BAI breeds displayed inconsistent
migration edges across all the different treemix runs (Figure S2). Decker et al., (2014) also
reported inconsistent placement of Italian breeds across the different treemix runs, probably as
the result of an underlying complex phylogeny.
3.3.3 Investigation of admixture pattern using phased SNPs
The pattern of haplotype sharing and in-depth analysis of the complex admixture pattern of
southern European cattle were investigated by ChromoPainter and fineSTRUCTURE. The pat-
tern that emerged from ChromoPainter co-ancestry matrix (Figure 3.6 and Figure S4) as well
as the clustering of samples based on the fineStructure analysis not only reinforced the finding
of the ADMIXTURE and treemix analysis but also provided additional insight into the rela-
tionships between zebu and taurine cattle. Based on the fineSTRUCTURE-inferred tree, we
3.3 Results 49
classified our cattle dataset of 358 animals into the following major clusters: 1). indicine zebu,
2). African cattle, 3). southern European cattle, 4). western European cattle.
Figure 3.6: fineStructure inferred phylogenetic tree. Note that breeds are coloured according
to their geographic origin. The intensity of colour indicates shared haplotypic segments (values
in terms of centiMorgan). The number beside the clusters indicate: 1. Zebu cattle, 2. African
cattle (N’Dama and East African zebu), 3. southern European cattle (Iberian and Italian),
4). west European cattle (Commerical and British cattle). Note that African cattle clusters
with European when performed the same analysis but with smaller number of zebu samples
(Figure S3). Refer to Table S2 for the breed abbreviations.
In indicine zebu cluster, we observe that Nellore (NEL) forms a separate sub-cluster from Gir,
Tharparkar (THA) and Lohani (LOH) which could be attributed to the fact that Nellore is
derived from south-eastern Indian zebu, while the remaining are from north-western Indian
sub-continent. In African cattle cluster, we observed that N’Dama (N’D) and East African
Zebu (EAZ) display a significant haplotype sharing which is consistent with the hybrid history
of EAZ. It is worthwhile to note that EAZ also displays significant haplotype sharing with
southern European cattle. Among the southern European cattle, Limousin (LMS) forms a cluster
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with Iberian cattle (Pajuna (PA), Sayaguesa (SA), Maronesa (MN)) and they both display a
significant haplotype sharing with African taurine and EAZ. The haplotype sharing pattern of
Maremmana (MA) and Busha (BU) represents the mixture of a genetic component of all the
cattle present in the dataset which can be attributed to their small sample size. Nevertheless,
ADMIXTURE analysis also represented the Maremmana (MA) and Busha (BU) ancestry as a
mosaic of all genetic ancestry of all the cattle in the dataset. However, none of the Italian cattle
breeds display significant length of haplotype sharing with either African taurine or zebu except
Marchigiana (MCGFH), when compared to Romagnola (ROMFH) and Chianina (CH), display
evidences of slightly greater haplotype sharing with non-European cattle which could be due to
differences in genetic drift after splitting from the common ancestor.
To account for the drift effect, we re-run the ChromoPainter analysis with Italian breeds only
allowed to receive the ancestry from the non-Italian cattle donor groups (four clusters) assigned
based on the fineStructure-inferred tree. Also, we did not consider East African zebu (EAZ)
as donor population because it is the cross-bred of African taurine and indicine zebu. With
this analysis, we specifically wanted to compare the ancestry profile of different BAI breeds.
In particular, we note that if introgression events involving non-European cattle ancestry are
ancient and split between Italian cattle is relatively recent then all Italian cattle would display
similar ancestry profile. The ancestry profile of Italian cattle displays similar zebu and African
taurine ancestry (Figure 3.7). The zebu and African taurine ancestry (Table S3) in these cattle
breeds varied between approximately 9-12.5% (except BU02) and 8-10% respectively.
Figure 3.7: Ancestry proportion of different donor population in genome of Italian and
Balkan cattle breeds. Abbreviations: INDZEB-Indian Zebu, AFRTAU- African taurine,
SOUTAU-southern European taurine (without Italian cattle breeds), WESTAU: western Eu-
ropean taurine. Note that Busha individuals come from two different sub-populations and
hence, treated separately in this analysis. Refer to Table S2 for the breed abbreviations.
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3.4 Discussion
3.4.1 Genetic diversity and change in recent demography
The average autosomal heterozygosity estimated using mlRho did not sharply contrast the cattle
from different regions except that, on average, zebu and African cattle showed greater heterozy-
gosity compared to the European cattle (Figure 3.1). However, differences in the estimates
between different breeds were clearly visible. For instance, all Maremmana (MA), Romagnola
(RO) and Podolica (PO) individuals showed greater heterozygosity compared to all western
European cattle. In fact, all the estimates for Maremmana (MA) were either equal to or more
than the previously reported estimates for European commercial European cattle that ranged
from 1.27 * 10-3 to 1.97 * 10-3 (Gautier et al., 2016). As Intensive artificial selection or/and
genetic isolation usually led to a reduction in effective population size and associated genetic
diversity, the low values for the estimates were expected for western European cattle. On the
other hand, high genetic diversity in Maremmana (MA), Podolica (PO) and Romagnola (RO)
can be attributed to their relatively shorter history of artificial selection and greater historical
effective population size compared to western European (WESTAU) cattle (Figure 3.1 and Fig-
ure 3.2). However, we also, note that LD decay analysis using SNP array markers indicates a
recent effective population size in Romagnola (ROMFH) that is comparable to that of the com-
mercial cattle (Figure 3.2). This result can be attributed to the strong decline in the effective
population size of Romagnola.
The fact that Maltese (MT) displayed large between the individual variations in theta as well
as in ROH profile indicates that genetic sub-structure exists in a population (Figure 3.2). This
genetic sub-structure may have been formed as a result of the varying degree of Chianina ad-
mixture in a population (Lancioni et al., 2016). Also, Maltese (MT) individuals display a large
proportion of genome under long ROHs indicating a strong recent bottleneck event (Figure
3.2B). This result is in good agreement with our previous study, where we observed a similar
long ROH pattern using BovineHD SNP array (Upadhyay et al., 2016). The nucleotide-diversity
outside ROH is a good indicator of ancestral haplotype diversity as it reflects the haplotype vari-
ations that remained weakly affected by recent consanguinity (Bosse et al., 2012). Our analysis
of nucleotide-diversity outside ROH (Figure 3.2A) consistently resulted in greater values for
Italian individuals compared to the rest of European samples which indicates that either the
ancestral founder population for these breeds was large or/and the ancestral population received
gene-flow from some genetically distinct population. Both these scenarios are likely to explain
these results as Italy is much closer to the centre of domestication compared to western Europe
and hence, it could be hypothesized that serial founder effect was severe in western Europe
(Scheu et al., 2015) compared to Italy, while the ADMIXTURE (Figure 3.3A) and ancestry
profile using ChromoPainter analysis (Figure 3.7) in this study also pointed toward presence of
complex non-European cattle ancestry in Italian cattle. Similarly, the highest pi out values (Fig-
ure 3.2A) observed for African taurine also indicate the possibility that the ancestral population
of N’Dama (ND) was much diverse compared to European taurine. Hence, the hypothesis of
introgression from diverse cattle population in the genepool of African taurine cannot be ruled
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3.4.2 Characterizing non-European cattle ancestry
Our results from linked and unlinked SNPs based approaches, to detect admixture pattern, not
only confirmed the previous reports but also extended the support for the complex origin of
southern European cattle breeds. For instance, Decker et al., (2014) analysing 50k SNP markers
reported the presence of complex ancestry-African taurine and zebu like-for central Italian cattle
breeds (Chianina, Romagnola and Marchigiana) and they also proposed either African or Near-
eastern origin for this complex ancestry. Here, we show (Figure 3.3A and Figure 3.7) that at
least two other cattle breeds, namely, Maremmana (MA) and Busha (BU), also carry similar
non-European ancestry as previously identified in Central Italian cattle. The ancestry profile of
Busha, however, was slightly different from that of the Central Italian cattle. We note that It is
also likely that Busha and central Italian cattle received a similar contribution from the same
sources and subsequently evolve independently. The results of treemix analysis also indicate
this possibility as in three out of five treemix runs, we observed Busha (BU) and Maremmana
(MA) receiving migration edges from the same branch in phylogenetic networks. Nevertheless,
our results (Figure 3.7) point toward the common origin of non-European cattle ancestry BAI
cattle breeds.
At least two hypotheses can explain the origin of the complex ancestry in BAI cattle breeds:
1) the donor populations that contributed the African and indicine ancestry in BAI cattle were
different (multiple introgression events), 2) or the single donor population that carried both
the ancestries contributed in the gene pool of BAI cattle breeds (single event of introgression
from a single donor population). We note that it is not surprising for BAI cattle to display
shared ancestry with African taurine as they both likely have the same centre of domestication.
However, shared ancestry between BAI and zebu due to divergence is less likely to occur, since
both the lineages are estimated to have diverged about 250,000 YBP. To test the two hypotheses
related to introgression, we applied the algorithm implemented in a tool, GLOBETROTTER
(Hellenthal et al., 2014). In the absence of true admixing population, GLOBETROTTER can
identify the most suitable proxy for the true donor (aka “surrogates”) among all the populations
in the dataset. The algorithm, however, did not identify clear admixture signal involving any
surrogate population in our dataset indicating that either the admixture event is very old, or
the admixture events were recurring and involved multiple donor populations. Indeed, BAI
cattle breeds are inhabiting in their respective regions since ancient times. Therefore, it is likely
that these admixture events are too old to date using the GLOBETROTTER approach as the
simulated data have shown that GLOBETROTTER can only estimate the admixture events
accurately if they have occurred in about last 170 generations (Hellenthal et al., 2014). In fact,
analysing microsatellite markers from a thousand-year-old bone sample, Gargini et al., (2015)
reported that, compared to Iberian and western Europan cattle, Chianina and Romagnola were
genetically closer to the thousand-year-old ancient bovine sample. Perhaps, genotyping ancient
cattle bone samples from Italy will shed more light on the age and origin of the complex ancestry
present in modern central Italian cattle.
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Applying three population tests on SNPs identified from whole genome sequencing data, we
provide clear evidence of the cross-bred (taurine and zebu) ancestry in an Italian Podolica
sample. However, we note that this zebu ancestry might have not necessarily come from the
Indian zebu itself; instead, it could have come from some zebu related population not sampled
in our dataset. Because Podolica is believed to have originated in the Podolian region of Eastern
Europe, it can be hypothesized that this Zebu ancestry is either of the Eastern European or
western-Asian origins. These results confirmed the previous hypothesis of cross-bred origin for
Podolica based on the similarity of the -globin variant between Podolica and Zebu (Pieragostini,
Scaloni, Rullo, Di Luccia, 2000).
Our admixture (Figure 3.3A) and ChromoPainter (Figure 3.6) results indicated shared ancestry
between Iberian cattle (PA, SA and MN), Limousin (LMS) and African taurine (ND and MUT)
which is in concordance with previous reports (Beja-Pereira et al., 2003; Cymbron et al., 2005,
Ginja et al., 2010a, 2010b; Decker et al., 2014). Moreover, we also observed shared ancestry
between east African zebu (EAZ) and southern European cattle (Figure 3.3A and Figure 3.6),
however, as EAZ itself is a cross-bred of African taurine and zebu, it is difficult to interpret this
shared ancestry. While the clustering of LMS with Iberian cattle probably reflects the use of
this commercial breed to upgrade local Iberian cattle, namely Pajuna (Mart´ınez et al., 2011),
previous studies have also reported the presence of EAZ specific microsatellite alleles in Iberian
breeds such as Mertolenga and Pajuna (Beja-Pereira et al., 2003; Mart´ın-Burriel et al., 2011).
The fineStructure-inferred tree (Figure 3.6) also clusters Marchigiana (MCGFH) with Chianina
(CH) which is consistent with the known history of Marchigiana as a cross-bred with a high
fraction of Chianina related ancestry.
The three population tests involving British cattle as one of the reference population resulted in
relatively greater significant z-values for Busha and Podolica (Figure 3.4A and Figure 3.4D). This
could mean that British cattle is the most suitable surrogate for European taurine in our dataset.
We also note that the British cattle displayed the least average heterozygosity estimates (Figure
3.1 and Figure 3.2). Taken together both these results, it is safe to propose that British cattle
is the least admixed population among all European cattle populations in the dataset and thus,
they might have preserved a large number of European taurine-specific-variants. Interestingly,
this hypothesis may also partially explain the previous reports of British cattle sharing a high
frequency of derived alleles with ancient aurochs sample, while Italian cattle reportedly displayed
the least frequency of aurochs specific alleles (Park et al., 2015; Upadhyay et al., 2016).
Taken together, our results in this study provided a holistic view on non-European cattle an-
cestry in southern European cattle. The fine-scale dissection of the demographic history and
evolutionary events that have shaped the genome of modern southern European cattle, however,
still demand improved methods and data.
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Abstract
Background
Native cattle breeds are important genetic resources given their adaptation to their local envi-
ronments. However, the widespread use of commercial cattle breeds has resulted in a marked
reduction in population size of several native cattle breeds worldwide. Therefore, conservation
management of native cattle breeds requires urgent attention to avoid their extinction. To this
end, we performed genotyping of genome-wide 150K SNPs in nine Swedish native cattle breeds
to investigate the level of genetic diversity and relatedness between these breeds.
Results
We used various linked and unlinked SNP-based approaches on this data to connect demo-
graphic history with genetic diversity and population structure of these Swedish cattle breeds.
Our results suggest isolation and low genetic diversity in Va¨neko and Ringam˚alako, two breeds
originating from southern Sweden. Conversely, we inferred a large founder population and rela-
tively high genetic diversity in Swedish Mountain cattle (Fja¨llko). Based on the shared ancestry
and phylogenetic trees, we identified two major clusters in Swedish native cattle. In the first
cluster of mountain cattle breeds, we found low differentiation among Swedish Mountain cattle,
Unique Swedish Mountain cattle called Fja¨llna¨ra cattle, and Bohus Polled cattle (Bohuskulla).
The second cluster consists of breeds from southern Sweden: Va¨neko, Ringam˚alako and the
Swedish Red cattle. Interestingly, we also identified sub-structures in the Fja¨llna¨ra cattle breed
and indicated differences in breeding practices across the farms keeping this breed.
Conclusions
This study represents the first comprehensive genome-wide analysis of genetic relatedness and
diversity of Swedish native cattle breeds. We show that different demographic pattern such as
genetic isolation and cross-breeding have shaped the genomic diversity of Swedish native cattle
breeds. We also show that Swedish mountain native cattle breeds have retained their authentic
distinct gene pool without a significant contribution from any of the other European cattle
breeds they were compared within this study.
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4.1 Background
Based on the types of livestock management, European cattle breeds can be broadly categorized
as either commercial or traditional/native. Commercial cattle breeds are mainly used in inten-
sive animal farming, aimed at maximizing the overall production and economic profit, for which
a few popular breeds have been disseminated throughout the world (1,2). In contrast, traditional
cattle breeds have a long history of adaptation to their respective environments (Medugorac et
al., 2009). While commercial cattle breeds far exceed the traditional cattle breeds in terms of
milk and meat production, traditional cattle breeds have a substantial cultural value, are often
adapted to the environment and the climate conditions where they are held, and sometimes
display a few superior production or functional traits compared with commercial cattle. For
instance, Swedish Mountain cattle (Fja¨llko) produces milk with a superior protein composition
for cheese making compared to commercial cattle such as Swedish Red cows (Poulsen et al.,
2017). Also, in a study comparing the grazing pattern of Holstein Friesian with the Swedish
Mountain cattle in a grass-dominated pasture area, the latter was found to travel over a larger
area and to show preferences towards diverse vegetation types (Lien et al., 1999). Therefore,
traditional/native cattle breeds can be valuable for grassland management with diverse vegeta-
tion.
In a recent FAO report (FAO, 2015) many cattle breeds were classified as being “at risk”. It is
important to consider that this classification was based only on a fraction of all native breeds
worldwide. The diversity status of about 50% of all cattle breeds globally, is currently unknown
and therefore proper conservation strategies cannot be designed for these breeds. Advancement
in affordable high throughput genotyping techniques has made it possible to genotype a large
number of molecular markers, i.e. single nucleotide polymorphisms (SNPs), at a reasonable
cost. Therefore, it is now feasible to infer population history and diversity status of breeds for
which only scant recorded information is available. In fact, many recent studies have used a
relatively high number of SNPs to explore genetic diversity, demographic history, and relatedness
between different traditional Eurasian cattle breeds (Browett et al., 2018; Mastrangelo et al.,
2018; Sermyagin et al., 2018; Upadhyay et al., 2016; Yurchenko et al., 2018). For instance, by
using 30,000 SNPs, showed patterns of gene-flow among different Italian native cattle breeds
and also reported recent inbreeding in several of them.
Swedish native cattle breeds display a large phenotypic diversity in various phenotypic and
production related traits (Swedish Board of Agriculture, 2011b, 2011a). For instance, while
Swedish Mountain cattle display white coat color with black or brown spots, most Swedish breeds
such as Swedish Red, Swedish Red Polled (Ro¨dkulla), and Ringam˚ala cattle (Ringam˚alako),
display a solid/spotted red coat color. A large fraction of individuals display polledness in
Swedish Mountain cattle, Bohus Polled (Bohuskulla) and Swedish Red Polled cattle breeds
(more detailed information in Table S1). Additionally, many of these breeds have inhabited the
local landscape for many generations and may harbor unique gene variants providing adaptation
to the local climate. Thus, these traditional cattle breeds are important resources for future
breeding programs aimed at novel/alternate breeding goals.
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While many studies have investigated the pattern of genetic diversity and structure in traditional
European cattle breeds (Browett et al., 2018; Mastrangelo et al., 2018; Upadhyay et al., 2016),
limited knowledge is available concerning the genetic structure and diversity of Swedish native
cattle breeds. In fact, to the best of our knowledge, only a few studies (Kantanen et al., 2000,
2009; Korkman, 1988; Li and Kantanen, 2010; Tapio et al., 2007) have investigated the genetic
relatedness and diversity of Swedish cattle breeds. However, these studies included only a
small number of Swedish cattle breeds and used either mitochondrial or microsatellite markers.
Herein, we genotyped about ∼140,000 SNPs in 96 samples, whereof 94 of sufficient quality,
that represent all the nine native cattle breeds from different parts of Sweden. We carried out
standard population genetic analyses that use either independent SNPs or haplotypes with the
aim to explore genetic diversity, demography and relatedness among all native Swedish cattle
breeds defined by the Swedish Board of Agriculture.
4.2 Methods
Figure 4.1: A map of Sweden indicating approximate geographic origin of the anal-
ysed Swedish native cattle breeds (some of the breeds origin from a wider geographic
area). Breed abbreviations: BHP-Bohus Polled, FNC- Fja¨llna¨ra, RMC-Ringam˚alako, SFC-
Swedish Holstein Friesian, SMC- Swedish Mountain, SPC- Swedish Polled, SRC-Swedish
Red, SRP-Swedish Red Polled, VAC- Va¨neko (map outline from D-maps.com-https://d-
maps.com/carte.php?num car=23103lang=en)
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4.2.1 Sample collection and DNA extraction
Table 4.1: Summary statistics related to genetic diversity in studied Swedish cattle breeds.
NC refers to the summary statistics that are not calculated for breeds with sample size less
than five. MAFav referes to the average minor allele frequencies, He refers to the average
expected heterozygosity, and Pm refers to the proportion of polymorphic markers
Breed
Breed abbrevia-
tion
Sample
size
MAFav He Pm
Swedish Moun-
tain
SMC 23 0.281 0.341 0.941
Bohus Polled BHP 6 0.280 0.302 0.817
Fja¨llna¨ra FNC 16 0.289 0.342 0.924
Swedish Polled SPC 3 NC NC NC
Swedish Red
Polled
SRP 15 0.297 0.349 0.936
Ringama˚lako RMC 13 0.291 0.320 0.891
Va¨neko VNC 9 0.292 0.290 0.799
Swedish Hol-
stein Friesian
SFC 5 0.325 0.337 0.880
Swedish Red SRC 4 NC NC NC
Samples were included from 96 individuals representing nine Swedish cattle breeds (Figure 4.1
and Table 1). Old frozen blood samples and DNA samples from 35 and 59 individuals respec-
tively, were used for genotyping. These biological materials were used from the frozen collection
kept in the Department of Animal Breeding and Genetics of the Swedish University of Agricul-
tural Sciences. Additional, nasal swabs from 2 individuals were collected in 2017. Information
about original farm and pedigree was used when available, to select animals that represent
different locations and to avoid including very close relatives such as full-sibs or parent and off-
spring. For DNA extraction from blood samples, we used either a standard phenol-chloroform
method (18) or the BioRobot® EZ21TM Robotic Liquid Handler (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. DNA quantification and qualification were carried out
using Quant-iTTM PicoGreenTM dsDNA Assay Kit (ThermoFisher Scientific, Waltham, MA,
USA).
4.2.2 SNP genotyping and filtering
DNA samples from the 96 individuals were genotyped using GeneSeek® Genomic Profiler High-
Density Bovine 150K (GGP HD150K) array which contains about 140,000 SNPs with an average
spacing of about 19 kb. Genotypes were called using GenomeStudio® software (Illumina, San
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Diego, CA, USA) and two samples with genotyping rate less than 95% were discarded from the
dataset. A bash script was used to convert Illumina genotypes report file to plink file —“ped”
and “map”—format. To keep only the high-quality SNPs in the dataset, we excluded SNPs that
were assigned to sex chromosomes and unassembled contigs, and SNPs with missing genotypes
in more than 5% individuals. No filtering for low minor allele frequency and deviations from
Hardy Weinberg equilibrium was performed to keep rare variants and SNPs potentially under
selection in a specific the breed(s) in the dataset. All the quality filtering steps were carried out
using PLINK 1.9 (Purcell et al., 2007).
4.2.3 Genetic diversity and a recent change in demography
To assess genetic diversity in each breed, we estimated average minor allele frequency (MAFav),
the average expected heterozygosity (He), the proportion of polymorphic loci (Pm), and the
mean inbreeding coefficient (F). We used “–family” command in PLINK to generate all these
estimates for each locus within each breed separately and mean values of these estimates were
calculated separately for each breed.
Runs of homozygosity (ROH) are long stretches of identical by descent (IBD) homozygous
genotypes that can provide valuable insight into recent and past demography of a population
(Bosse et al., 2012). Therefore, we estimated ROH in PLINK using default settings except
that we allowed only two heterozygous genotypes and one missing genotype per window of 50
SNPs. Additionally, the pattern of linkage disequilibrium (LD) decay between pairwise-SNPs
was generated for the breeds with sample size more than 10 to supplement the demographic
pattern inferred using ROH. For this purpose, we used SNeP (Barbato et al., 2015) to calculate
pairwise r2 values between pairs of SNPs located within the distance of 2 Mbp.
4.2.4 Assessment of genetic structure and relatedness among Swedish native
cattle breeds
To assess population structure among the nine Swedish native cattle breeds, we first used three
approaches that consider individual SNPs: 1) Principal component analysis (PCA), 2) Admix-
ture analysis, 3) Fst and maximum likelihood-based phylogenetic tree. To perform PCA, the
“bed” format of PLINK was converted into “gds” format using “gdsfmat” package before apply-
ing the “snpgdsPCA” function of SNPrelate package (Zheng et al., 2012, 2017). ADMIXTURE
(Alexander et al., 2009) was carried out for population cluster analysis, with K-values rang-
ing from 2 to 9. Prior to the ADMIXTURE analysis, LD pruning was performed using the
“—indep” function in PLINK to reduce the overall pairwise LD to <0.15. The output from
ADMIXTURE was visualized using the python package PONG (Behr et al., 2016). Pairwise Fst
distance was calculated using “hierfstat” R package (Goudet, 2005). Neighbor-joining (NJ) tree
was constructed from the Fst distance matrix using “phangorn” R package (Schliep, 2011). We
also calculated phylogenetic tree using maximum likelihood (ML) algorithm as implemented in
“Treemix” software (Pickrell and Pritchard, 2012).
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Finally, the genetic structure/clustering pattern was assessed using the algorithm implemented
in CHROMOPAINTER and fineSTRUCTURE (Lawson et al., 2012). Because these algorithms
take phased data as an input, Beagle 4.1 (Browning and Browning, 2007) was used to phase
genotypes of each chromosome separately. The underlying algorithm in CHROMOPAINTER
considers the pattern of LD and underlying recombination process along the markers to recon-
struct each haplotype as a recipient of a series of genetic chunks from all the other “donor”
haplotypes. As recommended by (Lawson et al., 2012), we first used “fs” pipeline to calculate
nuisance parameters: n (similar to effective population size) and M (population mutation rate).
The inferred values of these parameters were fixed in CHROMOPAINTER algorithm to obtain
the ChromoPainter coancestry matrix (count matrix as well as length matrix) that measures
the haplotype sharing among samples across the genome. Using the count matrix (number of
chunks), which represents the number of haplotypic chunks copied among individuals, we ran
a fineSTRUCTURE analysis to cluster the samples into genetically homogeneous groups. Fol-
lowing (Leslie et al., 2015), fineSTRUCTURE was run for 1 million Markov-Chain-Monte-Carlo
(MCMC) iterations after discarding the first one million iterations as “burn in”; sampling was
performed at every 10,000 iterations. Finally, 10,000 “hill climbing” iterations on the MCMC
iteration with the highest posterior probability to get the cluster assignment.
4.2.5 Genetic relationship of Swedish cattle breeds with other European cat-
tle
To investigate the relationships between Swedish native cattle breeds and other European cattle
breeds, bovine SNP genotyping array data of various European cattle breeds as published in
previous studies (Bahbahani et al., 2017; Upadhyay et al., 2016) were obtained and merged
for the top alleles using PLINK (Purcell et al., 2007). Two datasets were created merging the
data from these previous studies (Table S2). The first datasets consisted of 118,224 SNPs in
118 individuals which represented various North-western European cattle. The second dataset
included additional samples from an indicine cattle breed—Gir—which was used as an outgroup.
The genetic relationship analyses were performed using PCA and ML-based phylogenetic tree
as described earlier in this section.
4.3 Results
4.3.1 Genetic diversity and demographic inference
After applying filtering criteria, our final dataset consisted of 114,000 SNPs and 94 individuals.
The summary statistics related to genetic diversity are reported in Table 1. It is noteworthy that
a majority of the Swedish native cattle breeds displayed a high proportion of polymorphic loci
(Pm), ranging from 0.79 in Va¨neko to 0.94 in the Swedish Mountain cattle. This indicates that
SNPs selected for GGD HD150K are highly informative for Swedish cattle breeds. The MAFav
is highly consistent among the Swedish cattle breeds with values ranging from 0.28 in Bohus
4.3 Results 61
Polled to 0.33 in Swedish Holstein Friesian. Similarly, the expected heterozygosity (He) is also
observed to be relatively high with values ranging from 0.29 in Va¨neko to 0.34 in Fja¨llna¨ra.
Demographic inferences in Swedish cattle breeds were carried out using analysis based on ROH
and LD decay. The Swedish cattle breeds display significant variability in ROH profile (Fig-
ure 4.2A). The Swedish Mountain cattle and Ringam˚alako display less within breed variability
compared to Fja¨llna¨ra and Bohus Polled. The Swedish Mountain cattle, Swedish Red and
Swedish Holstein Friesian display relatively lower ROH counts and cumulative ROH size, indi-
cating large/diverse ancestral populations. However, unlike the Swedish Mountain cattle, some
Swedish Red Polled individuals display cumulative ROH size comparable to other individu-
als but with lower ROH counts, indicating several instances of mating between closely related
individuals. Conversely, Va¨neko and Ringam˚alako display relatively large ROH counts and cu-
mulative ROH size, indicating genetic isolation and a relatively small founder population. As
expected, the inference drawn based on the pattern of pairwise LD decay (Figure 4.2B) is con-
sistent with that of the ROH profiles. For instance, small haplotype diversity can be inferred
for the Ringam˚alako breed as it displayed the largest r2 values at all the pairwise SNP distances
and overall slow LD decay. On the other hand, the LD pattern in Swedish Mountain cattle
displays lowest r2 value at all pairwise SNP distances and rapid LD decay which is indicative of
large haplotype diversity.
Figure 4.2: . (A). ROH profile of Swedish cattle breeds, where each circle represents
an individual. (B). Linkage disequilibrium decay in four Swedish cattle breeds with sam-
ple size greater than 10. Breed abbreviations: BHP-Bohus Polled, FNC- Fja¨llna¨ra, RMC-
Ringam˚alako, SFC- Swedish Holstein Friesian, SMC- Swedish Mountain, SPC- Swedish Polled,
SRC- Swedish Red, SRP- Swedish Red Polled, VAC- Va¨neko
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4.3.2 Genetic structure and relationships among Swedish native cattle
breeds
To assess genetic relationships among Swedish native cattle breeds, we first performed a princi-
pal component analysis (PCA). The first principal component (EV1), which explains 6.39% of
the total variance, separated individuals of Swedish Mountain cattle, Fja¨llna¨ra and Bohus Polled
from that of Swedish Red, Va¨neko and Ringam˚alako. The second principal component (EV2),
which explains 3.65% of the total variance, separated Va¨neko individuals from the cluster of
Swedish Red and Ringam˚alako (Figure 4.3A). We also observed a low genetic differentiation
within the cluster of Swedish mountain breeds (including Bohus Polled). Interestingly, individu-
als of Swedish Holstein Friesian and Swedish Red Polled occupy the central position on the plot.
Moreover, individuals of Swedish Polled display a large variation; two of its individuals form a
cluster with Swedish mountain breeds, while the remaining occupy a position on the plot which
appears to be a little further than the cluster of Swedish mountain cattle breeds.
Figure 4.3: . Genetic relatedness among Swedish cattle breeds using, (A). Principal com-
ponent analysis, (B). Fst-based phylogenetic tree, and (C). Maximum likelihood based phy-
logenetic tree. Breed abbreviations: BHP-Bohus Polled, FNC- Fja¨llna¨ra, RMC-Ringam˚alako,
SFC- Swedish Holstein Friesian, SMC- Swedish Mountain, SPC- Swedish Polled, SRC-Swedish
Red, SRP-Swedish Red Polled, VAC- Va¨neko.
The NJ-tree constructed based on Fst (Figure 4.3B) and the phylogenetic tree constructed using
maximum likelihood (ML) approach (Figure 4.3C) reinforce the patterns identified using PCA
(Figure 4.3A). Broadly, these phylogenetic trees divide Swedish native cattle breeds into two
clusters: one cluster of the Swedish Mountain cattle, Fja¨llna¨ra and Bohus Polled, and another
cluster of southern horned Swedish cattle breeds (Swedish Red, Va¨neko and Ringam˚alako).
These trees also suggest close relationships between Bohus Polled and the Swedish Mountain
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cattle, and between Ringam˚alako and Swedish Red. Moreover, a long branch for Va¨neko also
indicates considerable genetic drift/divergence. Swedish Red Polled are not close to any of the
other Swedish breeds.
The clustering pattern based on shared ancestry inferred using ADMIXTURE analysis also
indicates a first split (at K=2) between Swedish mountain breeds (including Bohus Polled) and
southern Swedish breeds (Figure 4.4). Interestingly, starting from K value of 4, we observe
sub-structures within the Fja¨llna¨ra breed.
Figure 4.4: Model-based clustering of Swedish cattle breeds based on the estimated mem-
bership fraction of individuals. Breed abbreviations: BHP-Bohus Polled, FNC- Fja¨llna¨ra,
RMC-Ringam˚alako, SFC- Swedish Holstein Friesian, SMC- Swedish Mountain, SPC- Swedish
Polled, SRC-Swedish Red, SRP-Swedish Red Polled, VAC- Va¨neko.
The pattern of haplotype sharing (Figure 4.5) as investigated using ChromoPainter and
fineStructure, refines the clustering pattern of Swedish cattle breeds. In particular, these re-
sults facilitated characterizing the low differentiation among Swedish mountain cattle breeds
shown in Figure 4.2A in more detail. Within the cluster of Swedish mountain breeds, except
Bohus Polled, individuals of the same breed do not cluster together. For instance, we observe
two clusters of the Swedish Mountain cattle; one of which formes the cluster with individuals
of Bohus Polled, while the other formes the cluster with one of the sub-clusters of Fja¨llna¨ra
individuals. Further investigation of individuals assigned to either of the Fja¨llna¨ra sub-clusters
reveals genetic differentiation due to the farms from which the sampled individuals had ancestry.
Though, overall, Swedish Polled form a cluster with the Swedish Mountain cattle in PCA and
phylogenetic trees (Figure 4.3 and Figure 4.4). The fineStructure based analysis (Figure 4.5)
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clusters two of the three Swedish Polled with the individuals of Swedish Holstein Friesian and
Swedish Red Polled. Nevertheless, the clustering of southern Swedish cattle breeds is in perfect
agreement with the pattern obtained using PCA and phylogenetic trees.
Figure 4.5: fineSTRUCTURE based phylogenetic tree. The intensity of colour indicates the
number of shared haplotypic chunks. The number besides the clusters indicates: 1. Bohus
Poll, 2. Swedish mountain cattle (SMC) sub-group, 3. Fja¨llna¨ra (FNC) sub-group, 4. Swedish
mountain cattle (SMC) sub-group, 5. Fja¨llna¨ra (FNC) sub-group, 6. Ringam˚alako (RMC)
sub-group, 7. Swedish Red cattle (SRC), 8. Ringam˚alako (RMC) sub-group, 9. Va¨neko
(VNC), 10. Swedish Friesian cattle (SFC), 11. Swedish Polled (SPC), 12. Swedish Red Polled
(SRP).
The relationships between Swedish cattle breeds and other European cattle breeds were inves-
tigated using PCA and phylogenetic tree. In PCA, the first two principal components, which
explain altogether only ∼8% of the total variance, separate breeds based on their geographical
origin (Figure S1). Among Swedish cattle, individuals of Swedish Holstein Friesian form a cluster
with Dutch cattle breeds, as expected. This relationship is also observed in phylogenetic trees
(Figure S2). Interestingly, we did not identify any historical relatedness between the Swedish
mountain cattle breeds and the European cattle breeds studied here, probably indicating that
their contribution has been insignificant.
4.4 Discussion
Rare native cattle breeds are vulnerable and important genetic resources as they represent a
unique gene pool formed as a result of long-term adaptation to the local environment. Because
the majority of these breeds have not been intensively selected for production traits, they may
harbor diverse alleles compared to their commercial counterparts. For instance, analyzing a
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large number of genome-wide SNPs, (Herrero-Medrano et al., 2014) identified about 100 non-
synonymous polymorphisms nearly fixed in commercial breeds whereas local cattle breeds dis-
played relatively high frequency of alternative alleles at those positions. Therefore, conservation
of local cattle breeds facilitates preservation of diverse gene pools. However, the development of
optimal conservation strategies requires sufficient knowledge of genetic diversity and population
structure of a breed. To achieve this objective for native Swedish cattle breeds, we performed
genotyping of about 140,000 SNPs in nine Swedish cattle breeds and analyzed these data using
standard population genetic techniques. Our results suggest varying degrees of genetic diversity
and historical relatedness among Swedish cattle breeds.
4.4.1 Genetic diversity and demography
The relatively high average minor allele frequency (MAFav) and proportion of polymorphic
markers (Pm) across Swedish cattle breeds (Table 4.1) indicate that the SNPs selected on the
GGP HD150K array are polymorphic in these breeds. The 150K array SNPs have also been
found to be highly polymorphic in Russian cattle breeds (Yurchenko et al., 2018). However, the
possibility of ascertainment bias cannot be ruled out as the largest value of MAFav is observed
for Swedish Holstein Friesian which has a history of recent cross-breeding with Dutch dairy cattle
breeds. The overall summary statistics (MAFav, Pm, and He) indicates low genetic diversity in
Va¨neko, Bohus Polled and Ringam˚alako. Inferences drawn based on ROH pattern and analysis
based on LD-decay (Figure 4.2) provide further insight into demographic changes leading to
low genetic diversity in these breeds. Ringam˚alako displays an overall high ROH count and
cumulative length as well as largest r2 values across the entire pairwise distances up to 2 Mb.
These patterns indicate high autozygosity in the genome of Ringam˚alako individuals, which
can be attributed to small founder populations leading to ancestral relatedness and/or lack of
gene flow from distantly related populations due to isolation. These inferences are consistent
with the known recorded history. Ringam˚alako has been kept isolated from other Swedish
dairy breeds for a long time and the size of the populations is very small (Table S1) (Swedish
Board of Agriculture, 2011b, 2011a). Interestingly, the relationship between ROH count and
cumulative length (Figure 4.2B) in Ringam˚alako and Va¨neko falls within the trend observed in
individuals of other breeds, indicating a low frequency of long ROH. The long ROH are often
the consequence of consanguineous mating in which recombination has not had enough time to
break these haplotypes. Therefore, low frequency of long ROH is an indication of a breeding
strategy which has managed to avoid breeding between closely related individuals.
The overall summary statistics (MAFav, Pm, and He in Table 4.1) indicate relatively high genetic
diversity in the Swedish Mountain cattle and Fja¨llna¨ra. Furthermore, the Swedish Mountain
cattle display a low ROH count and cumulative length as well as rapid LD-decay (Figure 4.2),
which is an indication of high haplotype diversity in this population. Before the beginning
of the 20th century, the Swedish Mountain cattle had a large population size and displayed a
large phenotypic diversity (Swedish Board of Agriculture, 2011b, 2011a). However, the effective
population size of the breed continued to decline until the end of the 20th century because with
the arrival of intensive farming other breeds were preferred. Our results suggest that despite that
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reduction in population size, the Swedish Mountain cattle harbors significant genetic diversity,
probably as a result of using distantly related purebred individuals in breeding programs. On
the other hand, the large variation in the ROH profile in Fja¨llna¨ra cattle may be related to
the sub-structures in the population that we identified using ADMIXTURE and fineStructure
analyses (Figures 4 and 5). Moreover, unlike the Swedish Mountain cattle, several Fja¨llna¨ra
individuals display an abundance of ROH counts and a large portion of the genome under ROH
indicating several instances of mating between closely related individuals. Swedish Red Polled
seems to have maintained high haplotype diversity as it shows relatively rapid LD-decay (Figure
4.2B). In fact, like Swedish Mountain cattle, a large historical effective population size is also
recorded for Swedish Red Polled.
4.4.2 Genetic structure of Swedish native cattle breeds
The clustering pattern found for Swedish cattle breeds (Figures 3-5) is in concordance with the
known history for the respective breeds. Based on their shared ancestry, we identified two major
clusters within the studied Swedish cattle breeds. Low differentiation among Swedish Mountain
breeds including Bohus Polled in the first cluster was indicated by results of PCA (Figure 4.3),
ADMIXTURE (Figure 4.4) and fineStructure (Figure 4.5) analyses. Bohus Polled originates
from the south-western part of Sweden (Figure 4.1) but is phenotypically similar to Swedish
Mountain cattle and the use of semen from Swedish Mountain Cattle bulls in this breed has
been documented. Earlier studies, analyzing microsatellite markers in northern European cattle,
also assigned Bohus Polled cattle to the cluster of the Swedish Mountain and Fja¨llna¨ra cattle
breeds (Kantanen et al., 2009; Tapio et al., 2007). Similarly, Fja¨llna¨ra cattle was recognized
as a subpopulation of the Swedish Mountain cattle breed that was less selected for milk pro-
duction. Interestingly, we also identified sub-structures within Fja¨llna¨ra using ADMIXTURE
and fineStructure based analyses (Figures 4 and 5). These sub-structures/clusters correspond
to the farms from which these sampled individuals have their ancestry. Some individuals of
the Swedish Mountain cattle clustered with sub-structures of Fja¨llna¨ra (Figure 4.5), indicating
several instances of gene-flow between the two populations.
The Swedish Polled cattle breed was formed in 1938 by merging the breeds Swedish Red Polled
and Swedish Mountain cattle (Swedish Board of Agriculture, 2011a). Some crossbreeding be-
tween the two original breeds was practiced, but also pure-bred groups of the original breeds
remained. Swedish Red Polled and Swedish Mountain cattle became a separate breed again in
1984 and in 1995, respectively; however, Swedish Polled cattle persists as a breed. Attempts
have also been made to improve the production of Swedish Polled cattle by crossbreeding with
commercial cattle breeds. This could explain the somewhat unclear clustering pattern seen for
Swedish Polled cattle when comparing results from different analyses, but the results should be
interpreted with caution as only three individuals of this breed were included in our study.
The second cluster (Figures 3-5) consist of Ringam˚alako, Swedish Red and Va¨neko. The
ringam˚alako breed originates from southern Sweden (Figure 4.1), displays resemblance with
Swedish Red cattle, and the two breeds have been suggested to share some ancestry (Swedish
Board of Agriculture, 2011a). Also, fineStructure-inferred clustering pattern (Figure 4.5) sug-
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gested a low differentiation between Swedish Red and Ringam˚alako. Interestingly, based on
ADMIXTURE and fineStructure analyses, we also observed two sub-structures in Ringam˚alako
which corresponded to the different farms from which these samples had their origin. Based on
PCA (Figure 4.3) and ADMIXTURE analysis (Figure 4.4), it can be concluded that Va¨neko
is the most diverged breed in this cluster, which might be explained by drift due to genetic
isolation.
Swedish Red Polled occupies an intermediate/central position on the PCA plot (Figure 4.3A). It
also displays an ambiguous clustering pattern (Figure 4.3B and 3C). Interestingly, fineStructure-
based clustering (Figure 4.5) indicates a close relationship between Swedish Red Polled and
Swedish Holstein Friesian.
4.5 Conclusions
To conclude, herein we provide the first detailed analyses of genetic relatedness and diversity
of all Swedish native cattle breeds under the auspice of the Swedish Board of Agriculture.
The information generated from these analyses will aid in the conservation management of
these breeds. Our results demonstrate that some Swedish cattle breeds (such as Va¨neko and
Ringam˚alako) seem to have accumulated a relatively large genetic drift and therefore, require
special attention for conservation. Moreover, we also show that Swedish Mountain cattle breeds
(including Fja¨llna¨ra) are unique in that they have maintained authentic local ancestry. Future
studies should aim at genotyping a larger number of individuals using high-density genome-wide
SNP array or whole-genome sequencing approaches allowing the possibility to identify genetic
factors providing adaptive potential.
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Abstract
Copy number variation (CNV), which is characterized by large-scale losses or gains of DNA
fragments, contributes significantly to genetic and phenotypic variation. Assessing CNV across
different European cattle populations might reveal genetic changes responsible for phenotypic
differences, which have accumulated throughout the domestication history of cattle as conse-
quences of evolutionary forces that act upon them. To explore pattern of CNVs across European
cattle, we genotyped 149 individuals, that represent different European regions, using the Illu-
mina BovineHD Genotyping array. A total of 9,944 autosomal CNVs were identified in 149
samples using a Hidden Markov Model (HMM) as employed in PennCNV. Animals originating
from several breeds of British Isles, and Balkan and Italian regions, on average, displayed higher
abundance of CNV counts than Dutch or Alpine animals. A total of 923 CNV regions (CNVRs)
were identified by aggregating CNVs overlapping in at least two animals. The hierarchical clus-
tering of CNVRs indicated low differentiation and sharing of high-frequency CNVRs between
European cattle populations. Various CNVRs identified in the present study overlapped with
olfactory receptor genes and genes related to immune system. In addition, we also detected a
CNV overlapping the KIT gene in English longhorn cattle which has previously been associated
with colour-sidedness. To conclude, we provide a comprehensive overview of CNV distribution
in genome of European cattle. Our results indicate an important role of purifying selection and
genomic drift in shaping CNV diversity that exists between different European cattle popula-
tions.
Key words: Copy number variations, European cattle, High density SNP array, population
differentiation, purifying selection, drift, KIT gene
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5.1 Introduction
Copy number variation (CNV), which is defined as large-scale losses and gains of DNA frag-
ments, forms one of the major classes of genetic variation (Zhang et al., 2009). In the terms of
total bases involved, CNV affects a larger fraction of the genome compared to Single Nucleotide
Polymorphisms (SNP) (Redon et al., 2006). In addition, estimates from several autosomal dom-
inant diseases have indicated a higher de novo locus-specific mutation rate for CNV than for
SNP (Lupski. 2007). Copy number losses and gains of genetic sequences roughly make up
5-10% of the human genome, and many of the regions affected are associated with phenotypic
variations including susceptibility to specific diseases (Redon et al., 2006; Stankiewicz and Lup-
ski 2010;Zarrei et al. 2015). For example, the presence of lower CCL3L1 gene copy number
compared to the population average is associated with contracting HIV and developing AIDS
(Gonzalez et al., 2005). Differences in copy number of genomic segments can result in changes
in gene expression and phenotypic variation through gene disruption and altering gene dosage.
For example, duplication of the APQ7 gene in human has been linked with the emergence of
traits related to endurance running as a consequence of increased expression (Dumas et al., 2007;
Lupski, 2007b).
A number of studies have been undertaken in various domestic animals to characterize CNV
and their effects on phenotypes (Chen et al., 2012; Liu et al., 2013; Bickhart et al., 2016; Zhu
et al., 2016). For example, duplication of a set of fibroblast growth factor (FGF) genes and
the ORAOV1 gene in Rhodesian and Thai Ridgeback dogs causes a characteristic dorsal hair
ridge (Salmon Hillbertz et al., 2007). A partial or complete duplication of the KIT gene causes
different patterns of white coat coloration in pigs and in some of the cattle breeds such as White
park, Galloway and Belgian blue (Pielberg et al. 2002; Durkin et al., 2012; Brenig et al., 2013).
Similarly, white coat colour in sheep has been associated with a duplication of the ASIP gene
(Norris and Whan, 2008). Because CNV is known to be common in regions of the genome
that regulate important physiological functions, they have also been studied for association with
economically important traits in domesticated animals, such as milk production and fertility.
For example, several CNVs associated with milk production traits in Holstein Friesian (HF)
cattle have been identified (Xu et al., 2014).
The aurochs (B. primigenius primigenius) is the ancestor of European cattle. Although the wild
ancestor no longer exists, many extant European cattle breeds still possess primitive, aurochs-
like features. These breeds are often referred to as primitive cattle breeds (Upadhyay et al.,
2016). By contrast, commercial cattle breeds, including Holstein-Frisian (HF), Brown Swiss
(BS) and Jersey, display derived phenotypic traits such as polledness and early maturity. It
is likely that some of these differences in traits between primitive and modern cattle may re-
sult from CNV. Systematically assessing CNV between commercial and primitive cattle breeds
might, therefore, reveal the genetic changes responsible for phenotypic differences, which have
accumulated throughout the domestication history of cattle as result of natural and artificial
selection. Moreover, contrasting cattle populations from different European regions may provide
insight into the role of CNVs in population differentiation. Also, as previous studies (Park et
al., 2015; Upadhyay et al., 2016) have indicated a higher frequency of aurochs specific alleles in
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North-western European cattle breeds compared to Balkan and Italian cattle breeds probably
as a result of secondary contact between local aurochs and ancestor of domestic cattle, it is
possible that comparing CNV patterns between cattle of different regions may reveal unique
CNV that might have been introgressed into the ancestors of present domestic European cattle
during this secondary contact. Hence, the objectives of the current study are to provide compre-
hensive overview of CNV distribution in various European cattle populations and to carry out
comparative evaluation of CNV patterns between cattle populations originating from different
regions of Europe and thus, to address the role of CNVs in population differentiation.
5.2 Materials and Method
5.2.1 Sample collection and genotyping
A total of 196 animals from 38 different cattle breeds, consisting mainly of primitive cattle
breeds (27 breeds), were sampled. Numbers of animals per breed varied from 1 to 6 (Table
S1), except for Holstein-Friesian (HF), for which 55 animals were used to identify CNVs. The
geographic origin of 189 animals was assigned to one of five regions or breed groups: British and
Irish (BRI), Dutch (NLD, ancestral to large parts of the Lowland Pied and Baltic Red cattle),
Balkan and Italian (BAI, representing Podolian and Busha cattle), Iberian (IBR), and Alpine
(ALP, combining the Central Brown and Spotted breed cluster). Because five Heck (HE) cattle
did not belong to any of these groups and geographic origin of two samples were not assigned
confidently they were not categorized in any of these five groups.
DNA was extracted from hair roots, blood or semen. Hair and blood samples were collected by a
veterinarian in accordance with EU legislation. Semen samples were obtained from commercial
AI services. The research did not involve experimentation on animals requiring approval of
Animal Experiments Committee (DEC), Netherlands. The samples were genotyped with the
Illumina BovineHD Genotyping BeadChip, which contains 777,692 SNPs uniformly spanning the
bovine genome. All the SNP were clustered and analysed using the Illumina BEADSTUDIO
software (2.0).
5.2.2 Identification of CNVs
We used the PennCNV software to identify CNVs (Wang et al., 2007). A Hidden Markov Model
(HMM) algorithm as employed in PennCNV incorporates multiple parameters, such as total
signal intensity (LRR), allelic intensity ratio (BAF) values of each marker for each individual,
and the population frequency of B allele (PFB) of SNPs. Both the LRR and BAF values
of each marker for each sample were generated from the Illumina Genome Studio software
package using the default clustering file (Illumina Inc USA). The PFB was calculated as the
average BAF for each marker in this population. We only used autosomal markers for detection
of CNVs. The chromosomal positions of the SNPs were derived from the bovine UMD3.1
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genome sequence assembly. To reduce the number of false positives, the LRR of each SNP was
adjusted for the GC content of 1 Mb window surrounding the SNP using the ‘-gcmodel’ option
as employed in PennCNV. The PennCNV algorithm (with options: -test) was applied to all 29
autosomes (with option: -lastchr 29) to detect cattle CNV. All samples with standard deviation
of LRR(>0.30, standard deviation of BAF>0.001 and wave factor>0.05 were discarded for
downstream analysis. Finally, 47 low quality samples were discarded from further analysis. Of
the remaining samples (Table S1), a CNV was included in the downstream analysis if it spanned
minimum of 3 SNPs (default). Furthermore, a CNV region (CNVR) was defined as a union of
overlapping CNVs detected in two different samples (Redon et al., 2006). The identification of
CNVRs was performed using a custom python script.
5.2.3 Comparison of cumulative CNV counts and CNV size
To compare differences in CNV counts and CNV size between the five major breed groups,
we first removed the samples showing outlier values (mean ±3 standard deviations) for either
CNV counts, or CNV size, or both, if more than 5 samples represented a breed. In the second
step, we used the Kruskal-Wallis test to assess overall differentiation of cumulative CNV counts,
and One Way Anova to assess overall differentiation of cumulative CNV size among the five
breed groups of cattle. If the overall P-value was significant (P<0.05), we performed a post-hoc
Mann-Whitney test for cumulative CNV counts and a T-test for cumulative CNV size to assess
pair-wise population differences followed by Bonferroni correction for multiple testing.
5.2.4 qPCR validation
CNVs were validated by Real-time qPCR using the 7500 Fast and RT (Real-time)
PCR system (Applied Biosystems). Primers were designed using the Primer3 webtool
(http://frodo.wi.mit.edu/primer3/). Information about Primers and samples used in qPCR
are given in Supplementary Table S2. All PCR primers were designed from UMD 3.1 reference
genome based on the first 1000bp regions of CNVs. Before PCR, the quality and quantity of
every DNA sample was measured with Qubit® 2.0 Fluorometer. PCR amplifications were per-
formed in a total volume of 12.5 µL containing reagents described in Table S2. The BTF3 gene
was chosen as internal standard in all qPCR experiments.
5.2.5 Hierarchical clustering of CNVR data
To cluster samples according to their CNV similarities, we made a vector of “0”s and
“1”s for each individual based on presence or absence of a specific CNVR in that par-
ticular individual. A hierarchical clustering was performed using the DendroUPGMA
(http://genomes.urv.cat/UPGMA/). We used Jaccard index as a distance measure and the
unweighted pair-group method with average mean (UPGMA) as the clustering method.
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5.2.6 Identification of Segmental duplications
We applied Whole Genome Assembly Comparison (WGAC) to identify intrachromosomal
segmental duplications as described previously (Khaja et al., 2006). In the first step, we
retrieved the Repeat-masked UMD 3.1 cattle genome assembly from the UCSC database
(http://hgdownload.soe.ucsc.edu/goldenPath/bosTau8/bigZips/). Subsequently, we used
MegaBlast to perform sequence similarity searches within the assembly. Finally, we retrieved
all paralogous sequences which displayed > 90
5.2.7 Assessment of population differentiation using Vst
To detect population differentiated CNVs between cattle populations of different regions, Vst
was calculated. We calculated pair-wise Vst as defined previously (Redon et al., 2006) by using
the equation: (Vs-VT)/ VT, where VT is the total variance in mean of LRR of a probe across all
individuals of two populations and Vs is the average variance of a probe in samples within each
breed. We used a window-based approach to identify groups of minimally 3 SNP probes, each
showing significant Vst (Vst>0.35) with the window shift of a single SNP probe. Finally, we
only referred to a CNV as population differentiated if it contained the group of SNPs identified
as having significant Vst in this window based approach.
5.2.8 Gene contents and functional annotation
The unique cattle gene list based on UMD 3.1 was retrieved from Ensembl biomart (Cow release
84). The PANTHER classification system was used to assess the probability of overrepresented
genes in CNVRs within biological process, cellular component, and molecular function using
Bonferroni correction for multiple comparisons (Mi et al., 2005).
5.3 Results
5.3.1 Overview of copy number variation (CNV) across all groups
A total of 9,944 autosomal CNVs were identified in 149 European cattle samples (Table S3).
Out of 9,944 CNVs, 1,941 were identified as singletons (Table S4), while the remaining CNVs
had minimally a base overlap with at least one CNV identified in another sample. The average
number of CNV identified per sample was 67. For the different breed groups, BAI, BRI, IBR,
NLD, ALP, the average number of CNV per sample was 80, 79, 70, 58 and 55 respectively. We
found overall significant differences (P<0.05, Kruskal-Wallis test) as well as pair-wise population
differences (P<0.05, post hoc Mann-Whitney test) in the average number of identified CNV per
individual in each of the five major breed groups (Figure 5.1a).
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Figure 5.1: Number of detected CNVs per sample. Samples are categorized based on their
origins. The median of the population is indicated by central line in a box, while the black
dots represents outliers. Connecting bar above box plots between pair of populations displays
significant P-values. Please note that “*” indicates P<0.05 and “**” indicates P<0.01. A).
Total CNV counts with singleton. B). Total CNV abundance excluding singleton.
Excluding singletons from the comparison also resulted in significant differences in average num-
ber of CNVs between the major breed groups (Figure 5.1b). On the other hand, despite overall
significant differences (P<0.05, One way ANOVA) in average cumulative length of CNVs per
individual in each of the five major breed groups, pair-wise post-hoc T-test did not result in a
significant difference between any of these groups.
5.3.2 CNV validation using qPCR
To validate CNVs identified in the present study, we performed quantitative PCR (qPCR) assays
for 18 CNV loci in 33 animals. These loci were chosen to represent different copy number states
(loss, gain and complex) and different frequency ranges (from singleton to multiple individuals).
Of the 18 CNVs tested, 13 could be confirmed by qPCR. The copy number estimated by qPCR
for all confirmed CNVs, agreed with the state estimated by the PennCNV analysis. Of the 5
non-validated CNVs, 3 were identified only in one animal, while the remaining 2 were identified
in at least two animals. Only 1 of the 5 non-validated CNVs did not amplify because of the
poor DNA quality of samples, while nonamplification of the remaining CNVs indicated normal
copy instead of hemizygous deletion as identified by PennCNV for all locus. These results also
indicate high likelihood of singleton CNVs, i.e. CNVs that occurs only once in the dataset,
being false positive (Table S2).
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5.3.3 Overview of CNVRs
A total of 923 CNVRs were identified by aggregating overlapping CNVs with overlap identified
in at least two animals (Figure 5.2 & Table S5). These CNVRs cover 61.06 Mb of the cattle
UMD 3.1 genome assembly, which corresponds to 2.5% of the 29 bovine autosomes. However,
the distribution of CNVRs across all autosomes varies considerably, with the highest number
(55) on chromosome 1 and the lowest (10) on chromosome 27. The estimated length of CNVRs
varies from 1.53 Kb to 3.51 Mb, with an average of 66.15 Kb(Figure 5.3). The ratio of total
estimated CNVR length per chromosome to the length of that chromosome varies from 8.20%
for chromosome 12 to 0.040% for chromosome 26. Chromosome 23 displays the highest density
of CNVRs with an average distance of 1.46Mb between CNVRs, while chromosome 20 exhibits
the lowest density of CNVRs with an average distance of 5.24 Mb between CNVRs. These 923
CNVRs are comprised of 587 losses, 179 gains and 157 complex (both loss and gain) events.
Furthermore, the frequency of these CNVRs in the populations under study ranged from 1.34%
(present in 2 of the 149 animals) to 97.31% (present in 145 of the 149 animals). The 157 complex
CNVRs, on average, displays much higher frequencies ( 13%) than the average frequency of only
losses ( 3.6%) or only gains ( 3.4%) CNVR events. One complex CNVR (id: CNVr527) displays
the highest frequency (97.31%) and is located on chromosome 12 between 73.2Mbp and 76.7Mbp.
Out of all 923 CNVRs, 198 CNVRs (21%) have a frequency of more than 5% in the studied
cattle populations (Table S5). Of these 198 CNVRs, 49 were identified in at least one individual
of each of the five breed groups (Table S5). The BRI and NLD populations revealed the highest
(26) and the lowest (8) number of CNVRs per sample respectively.
5.3.4 Hierarchical clustering based on CNVRs
To assess population differentiation, hierarchical clustering was carried out after converting
CNVRs into binary data (See methods). Samples belonging to low diversity breeds, as identified
in our previous SNP based studies (Upadhyay et al., 2016), such as English longhorn (EL) and
Boskarin (BK), cluster together (Figure S1). However, samples belonging to IBR breeds show
a lower degree of differentiation compared to samples belonging to the other regions. Also, the
breeds from the same geographic region do not cluster together. For example, Brown swiss
(an Alpine breed) samples form a clade with the Iberian samples belonging to Pajuna (PA),
indicating sharing of high frequency CNVRs.
5.3.5 Association between high frequency CNVRs and Intra-Chromosomal
Segmental duplications (SD)
The large proportion (>21% of total) of CNVRs displaying a frequency above 5% indicates that
either; (1) they fall into regions of CNV hot spots in the cattle genome, (2) these are likely to
be of more ancient origin when compared to the low frequency CNVRs or (3) they are under
strong positive selection. CNV hot spot regions in the genome usually overlap with genomic
segmental duplications (SDs) (Sharp et al., 2005). Thus, to assess the correlation between SDs
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Figure 5.2: Distribution, status and frequency of CNVR in the bovine genome (UMD 3.1).
The status of CNVRs are shown in outer circle in Red (loss), Green (gain) and Blue (both),
while the inner circle is indicative of the frequency.
and high frequent CNVRs, we identified SDs from the UMD 3.1 bovine genome assembly. In the
analysis, we only considered intra-chromosomal SDs longer than 5 Kb, as these SDs are more
likely to cause misalignment and aberrant recombination (Stankiewicz and Lupski, 2002) than
the small size SDs (<5Kb). Of the 21 CNVRs that overlapped with large SDs, 14 were present
at a frequency of more than 5% across all cattle populations (Table S6).
5.3.6 Assessment of population differentiated CNVs based on Vst
To identify CNVs contributing to population differentiation, we calculated the pairwise Vst
between every possible combination of the five major breed groups, and between, HF and the
four major breed groups. In the latter Vst analysis comparing HF samples with other breed
groups we did not include NLD, as large proportion of its sample size consisted of HF samples.
The value of Vst varies between 0 (no population differentiation) and 1 (complete population
differentiation), with high Vst values suggesting a difference between populations in the fre-
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Figure 5.3: A). Distribution of CNVR size in the genome. B). Distribution of CNVR per
sample categorized based on its origin. The median of the population is indicated by central
line in a box, while the black dots represents outliers.
quencies of copy number states of underlying sequences. Interestingly, we observed a very few
breed group differentiated CNVs for all combinations except for HF vs BRI, where we observed
quite a few breed group differentiated CNVs. We also considered the effect of mis-assembly on
lineage differentiated CNVs as it has been reported previously that incorrect placement of the
sequence from the sex chromosome on autosomes may distort the dosage ratio between male
and female which can lead to false positive lineage population differentiated CNVs (Zhou et al.,
2016). Clearly, except for three CNVRs, all CNVRs identified as breed group differentiated (in
HF vs BRI) displayed difference in LRR values between bull and cow samples (Figure S2, Table
S7). Thus, the high Vst observed between BRI and HF for CNVs involving miss-assembled
SNPs can be attributed to the highest proportion of female samples in the BRI group, while all
HF samples were male.
5.3.7 Gene content of CNVRs
Of the 923 CNVRs identified in the present study, 415 ( 45%) span (with at least one bp overlap)
916 unique cattle genes (Table S8). Interestingly, genes from certain immune response related
gene families such as the TRAV like gene family, and IGL were covered by complex CNVRs
indicating differences in copy number between different cattle breeds. The most frequent CNVR
(id:CNVr527) covered four related genes, which are located in tandem and display similarity to
ABCC4 in human. We also found genes related to economically important traits of livestock
covered by CNVRs such as MTHFSD, and GTF2I. In addition, CNVRs also covered some
essential genes such as MSH4 and ATF2 (Table S9). The gene ontology (GO) analysis for 916
ensemble unique genes using the Panther classification system (REF) showed that terms related
to immunity and olfactory activity were overrepresented in the CNVRs that were identified in
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the present study (Table S10).
Interestingly, 5 cattle samples displayed a CNVR (id: CNVr2375) covering the KIT gene. How-
ever, occasionally, CNVs contributing to a CNVR may or may not fall in the gene covered by
that CNVR. Hence, we investigated the CNVs within CNVr 2375. Detailed analysis of these
CNVs revealed that of the 5 samples, 3 English Longhorn (EL) samples had a CNV gain cov-
ering the KIT gene, while the remaining samples had CNVs outside the gene. In addition, the
estimated size and position of this CNV within CNVr 2375 (Figure 5.4A) displayed similarity
with the genomic segment involved in a serial translocation from chromosome 6 to chromosome
29 that was previously reported in Belgian Blue, Galloway and White Park cattle breeds (Durkin
et al., 2012; Brenig et al., 2013). Thus, to test the presence of that same serial translocation
overlapping the KIT gene, we PCR amplified the known fusion points of the translocation (for
more details refer to Durkin et al., 2012). The amplification of fusion points (-D,E-A and C-)
confirm the presence of the Belgian Blue type allele (Cs29) in 2 English Longhorn (EL) samples
(Figure 5.4b), whereas the remaining sample did not amplify due to poor DNA quality. The
White Park cattle samples, which were discarded from the analysis due to high standard devi-
ation in LRR, also reveal the presence of the Cs29 allele. These results show a high prevalence
of the Cs29 allele in BRI cattle breeds.
Figure 5.4: CNVr2375 completely overlaps the KIT gene in English longhorn samples. (A).
Regional SNP plot of CNVr2375. The mean LRR for each marker in EL samples are displayed
in Red, while that of the remaining samples are displayed in light green. (B). Result of PCR
performed to validate the presence of Cs29 allele in English Longhorn and White Park cattle,
where -D, E-A, and C- refers to the fusion points of Cs29 allele (for more details refer to
Durkin et al., 2012), while - refers to the wild type (+) allele. Abbreviation: WP- White
Park cattle, EL-English Longhorn cattle, M-100 bp ladder Marker, HF-Holstein Friesian.
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5.4 Discussion
5.4.1 Difference in abundance of CNV counts between different cattle pop-
ulations
We found significant differences in CNV counts between different cattle populations. The BAI
and the BRI breed groups displayed relatively high number of CNVs per individual compared
to the breed groups from other regions. The mean CNV cumulative length per individual
between different cattle groups, however, was not significantly different. Such difference in
CNV abundance between different cattle populations have already been reported previously.
For instance, high CNV abundance has been reported in indicine and African taurine cattle
breeds than in European taurine, which has been attributed to their breed divergence and
population history (Liu et al., 2011). Similar observations were also reported in other species
as well. For instance, Pezer et al. (2015) reported difference in total CNV abundance and total
genic deletions between several natural populations of the house mouse, which they attributed
to difference in effective population size between mouse populations. It is evident from these
studies that population history such as change in past effective population size, gene flow, and
selection process may contribute to differential CNV abundance between different populations.
Thus, we hypothesize that persistence of small effective population size over many generations
in BRI breeds such as English longhorn (EL) and Highland (HL) may have resulted in relaxation
on purifying selection against slightly deleterious CNVs and which in turn, may have resulted
in accumulation of large number of CNVs and genic deletion events. To test this hypothesis, we
calculated the number of genic deletion CNVs, percentage of genic CNVs as well as cumulative
genic CNV length in breeds with more than or equal to 3 samples. (Figure 5.5, Figure S3).
Indeed, we observed a higher number of genic deletion as well as higher cumulative length of
genome under deletion in BRI breeds (English Longhorn (EL) and Highland (HL) (Highland))
compared to breeds from other regions. This observation supports the hypothesis that genetically
isolated small populations may accumulate abundance of CNVs, in particular, deletion CNVs.
However, we note that, since some SNP arrays display bias towards detection of deletions (Pinto
et al., 2011) and the present study suffers from low sample size per breed, large samples from
multiple breeds are needed to be sampled to explore this hypothesis further.
On the other hand, within population variability in number of genic and total number of CNVs
in several BAI and IBR breeds may be attributed to high admixture pattern of their genomes
(Decker et al., 2014; Upadhyay et al., 2016) or higher historical effective population size compared
to NLD, ALP or BRI breed-groups.
5.4.2 Comparison of Identified CNVRs with previous studies
To characterize the CNVRs identified in the present study in more detail, we compared them to
the CNVRs identified in eighteen previous studies using various methods such as whole genome
sequencing( Stothard et al. 2011; Boussaha et al., 2015; Bickhart et al. 2016; Ben Sassi et
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Figure 5.5: Percentage of genic CNV counts (on X axis) and cumulative genic CNV length
(on Y-axis) per individual split based on breed and its geographical region. (A) Balkan and
Italian cattle breeds (BAI), (B) British and Irish cattle breeds (BAI), (C) Iberian cattle breeds
(IBR), (D) Alpine cattle breeds (ALP), and (E) Dutch (NLD) cattle breeds.
al. 2016), comparative genomic hybridization(Fadista et al. 2010; Kijas et al. 2011; Liu et al.
2010; Zhang et al. 2014, 2015), Illumina BovineHD BeadChip Arrays (Hou et al. 2012; Jiang
et al. 2013; Zhang et al. 2014b; Sasaki et al. 2016), and Illumina Bovine50K SNP array (Bae
et al., 2010; Hou et al., 2011; Jiang et al., 2012). The comparisons revealed that 737 (80% of
the total) number of CNVRs detected in the present study overlapped completely or partially
(by at least a single bp overlap) with CNVRs from these previous studies detected in literature
(Table 1). The inconsistency of overlaps with different studies can be attributed to differences in
size and structure of populations under investigation, platforms and algorithms of CNV calling,
definitions of CNV and CNVR between various studies. As expected, high overlaps are reported
in studies that have investigated CNVs in diverse cattle breeds using the Illumina BovineHD
BeadChip array (Table1).
The identification of 186 Novel CNVRs suggests that a substantial number of CNVs in cattle
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genomes are yet to be identified (Table S11). Of the 186 CNVRs ( 20% of the total) identified as
novel in this study, 49 are breed specific CNVRs for various breeds. Of the 49 private CNVRs,
27 are observed only in HF. We note that HF might have shown the highest percentage of breed
specific CNVRs due to the larger sample size investigated in our study.
Table 5.1: Comparison between CNVRs identified in the present study with previous studies
in terms of count and length. Please note that the term “overlap” refers to the number or
percentage of CNVR of previous study that display overlap with the present study.
Methods Study
Total
CNVR
segment
Total cu-
mulative
CNVR
length
Over
lapped
CNVR
Over
lapped
CNVR
(%)
Over
lapped
CNVR
cumu-
lative
length
(%)
50K Bae et al 2010 368 63,107,899 39 10.60 3.36
Hou et al 2011 743 15,8021,612 188 25.30 15.24
jiang et al 2012 101 23781,338 19 18.81 3.63
wang et al 2015 389 70748371 60 15.42 3.40
770K Hou et al 2012 3438 146902512 658 19.14 25.97
Jiang et al 2013 357 34407298 119 33.33 47.32
Sasaki et al 2016 861 43654930 347 40.30 48.30
Xu et al 2016 257 12443243 95 36.96 80.11
Zhang et al 2015 365 13128818 116 31.78 53.60
CGH Fadista et al 2010 254 15760830 22 8.66 7.94
Kijas et al 2010 27 6085066 6 22.22 9.98
Liu et al 2010 200 36171861 91 45.50 41.32
Zang et al 2014 353 42915082 41 11.61 9.14
Zhang et al 2015 339 36596362 35 10.32 9.23
WGS Bickhart et al 2012 1265 55590961 87 6.88 7.90
Boussaha et al 2015 4199 1012466378 1314 31.30 41.83
Sassi et al 2016 823 45420220 89 10.81 26.47
Stothard et al 2011 790 3287618 48 6.08 4.93
Abbreviations: 50K-Illumina BovineSNP50 BeadChip, 770K-Illumina BovineHD BeadChip,
CGH- Comparative Genomic Hybridization, WGS- Whole Genome Sequencing.
However, despite the small sample size, all BRI breeds displayed at least one breed specific
CNVR. Interestingly, the English Longhorn (EL) displayed quite a few breed specific private
CNVRs (6) followed by Heck (HE), which displayed 4 breed specific CNVRs.
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5.4.3 Sharing of highly frequent CNVRs and low differentiation between Eu-
ropean cattle populations
Hierarchical clustering of CNVRs revealed that animals which belonged to breeds with a rela-
tively low diversity such as English longhorn (EL), Boskarin (BK), Dutch Friesian (DF), Maltese
(MT) and Heck (HE) formed a clear cluster. This type of a clustering pattern suggests that low
diversity led to an increase in shared CNVRs between animals. For example, the Boskarin (BK)
breed displayed more than 40% of the total CNVRs as shared between two or more samples
(data not shown). However, unlike SNP based clustering of these same samples in our previous
study (Upadhyay et al., 2016), samples from the same region did not cluster together (Figure
S1). This indicates a relatively low level of differentiation or sharing of high frequent CNVRs
among different European cattle breeds. This discordance in inference of European cattle pop-
ulation structure indicates that either our analysis suffered from low sample size per breed or
most CNVs are transient enough to not have followed the same pattern of demographic events
in the history of cattle domestication that typical neutral genetic variants have experienced. In
addition, it can be speculated that de-novo CNVs, CNV hot-spot regions in the genome and
false CNV calls due to variation in genotyping intensities can also affect inference of population
stratification.
To investigate the highly frequent CNVRs in more detail, we performed their association with
SDs. It has already been shown that SDs provide substrate for non-allelic homologus recombi-
nation (NAHR), which in turn, produces novel chromosomal rearrangements and copy number
changes. Therefore, CNVRs that overlap with SDs typically display high frequencies as com-
pared to the CNVRs that do not overlap SDs. Accordingly, we found an enrichment of highly
frequent CNVRs in cattle SDs as previously observed in human, mice, and apes (Gazave et al.,
2011; Pezer et al., 2015; Redon et al., 2006).
Recently, Sudmant and collegues (2015), while analysing CNV patterns across different human
populations and a Denisovan sample, identified large duplications that introgressed from the
extinct Denisovan lineage exclusively into Oceanic population, and also were present at high
frequencies. Since north-western European cattle breeds harbour high frequency of aurochs’
specific alleles, probably as a result of secondary aurochs introgression (Park et al, 2015; Upad-
hyay et al., 2016), we investigated whether animals from these regions carry any unique CNVs.
However, Vst based analysis did not identify any region specific CNV that might have intro-
gressed from aurochs during secondary contact, i.e. CNV present only in animals of certain
regions as a result of aurochs introgression. In the future, the availability of high-coverage se-
quence from archaic aurochs samples might aid researchers in identification of ancient CNVs
in the genome of European cattle. Additionally, Vst based analysis also did not identify any
breed-group differential CNVs, when contrasting HF (commercial breed) against IBR or BAI
animals. This observation is consistent with a recent study on bovine population structure,
where authors reported only few lineage-specific CNVs in breeds from the same continent i.e.
Holstein and Angus cattle breeds (Xu et al., 2016). However, quite a few breed-group differen-
tiated CNVs between HF and BRI were identified, except a few, all of which turned out to be
false positive CNVs.
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5.4.4 Copy number variable genes
Cattle genomes display enrichment of CNVs in genes related to immune response and environ-
mental interaction such as sensory perceptions of smell and chemical stimuli. Many of these
immune related genes appeared to be copy number variable between different cattle breeds.
These variations may explain inter-population differences in immunological response to different
clinical conditions. For example, BoLA-DRB3 locus which partially lies within a high frequency
complex CNVR (id: CNVr1586, Table S8) has been associated with differential response to var-
ious clinical conditions such as Mastitis and Bovine leukaemia virus infection in various cattle
breeds (Rupp et al., 2007; Yoshida et al., 2012). Another interesting example is the CIITA gene,
which lies within a high frequency gain CNVR identified in multiple breeds (id: CNVr1680, Ta-
ble S8) and which was found to be duplicated in Angus cattle that showed nematode resistance
(Liu et al., 2011). On the other hand, enrichment of CNVs in genes related to sensory percep-
tion of smell is either indicative of physiological requirements of domestic animals as described
previously in case of pig (Paudel et al., 2013) or can, alternatively, be the result of drift due
to random duplication and deletion of olfactory genes (OR) (Nozawa and Nei, 2007). Similar
overrepresentation of CNVs in immune related genes and OR genes was reported previously
in various species of domestic animals (Paudel et al., 2013; Liu et al., 2013; Da Silva et al.,
2016). The most frequent CNVR displayed variable copy numbers and covered genes similar to
ABCC4 in human. The ABCC4 genes encode a protein related to ATP-binding cassette (ABC)
transporters which transport various molecules across extra- and intra-cellular membranes. Pre-
vious studies have reported association between ABCC4 genes and phenotypic traits related to
disease resistance and feed efficiency in cattle (Liu et al., 2011; Chen et al., 2012). Interestingly,
Lee et al., (2013), using whole genome sequencing data of Hanwoo cattle, reported a very high
number of non-synonymous SNPs, splice-site variants, and coding indels in ABCC4 gene. These
observations imply that either ABCC4 gene has evolved into multiple copies for environmental
adaptation, or, alternatively, mis-assembly at chromosome 12 led to distortion of signal intensity
ratio resulting in detection of false CNVRs. The CNVR1206 that covered the MTHFSD gene,
has been associated with milk protein yield in Spanish HF cattle (Sassi et al., 2016), while the
GTF2I gene that lies within CNVR1703, has been identified as a candidate gene related to
traits associated with feed conversion efficiency in chicken (Reyer et al., 2015). Novel CNVRs,
i.e. CNVRs that were identified only in the present study, spanned important genes such as
MSH4 and ATF2 etc. The MSH4 gene encodes a protein essential for reciprocal recombina-
tion and proper segregation of homologous chromosomes at meiosis. Additionally, deficiency of
MSH4 gene, which is covered by CNVr1975 (Table S8) and identified only in 2 animals, has been
associated with impaired gamete formations in laboratory mice (Kneitz et al., 2000). Recently,
Ma et al., (2015) and Kadri et al., (2016) also have associated the MSH4 gene with recombina-
tion rate in cattle. Also, deficiency of the ATF2 gene, which is partially covered by CNVr1217
and identified only in 4 animals, led to early postnatal lethality in laboratory mice (Bhoumik
and Ronai, 2008). Since both these CNVRs (id: CNVr1975 and CNVr1217) have been identified
in low frequency and in heterozygous deletion state, the hypothesis of purifying selection against
such deleterious CNVs cannot be ruled out.
Recently, Durkin and co-workers (Durkin et al., 2012) have shown that a duplication of a KIT
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gene segment from chromosome 6 and its aberrant insertion on chromosome 29 led to the “colour-
sided” white coat colour phenotype in Belgian blue cattle. Additionally, Brenig and co-workers
(Brenig et al., 2013) identified the Belgian-blue type allele (Cs29) in White Park and Galloway
cattle . Interestingly, they also suggested a dose dependent effect of Cs29 in which heterozygous
(Cs29/wild allele) animals exhibited variable degrees of pigmented spots on white body trunk
and homozygous (Cs29/Cs29) animals produced no pigmentation on the body trunk. In our
study, we show the presence of the Belgian Blue type allele in English longhorn cattle, most
likely introduced in the English longhorn (EL) due to cross breeding with other cattle breeds
such as Galloway and White park that also carry the same allele. In addition, as both English
longhorn (EL) animals were homozygous for Cs29 and as this breed harbours low diversity, we
hypothesize that frequency of Cs29 allele is high in this breed.
In summary, we utilized signal intensity data from Illumina BovineHD genotyping array to
identify copy number variation in cattle populations sampled from different regions of Europe.
The comparative evaluation indicated a higher abundance of CNV counts in British and Balkan-
Italian cattle breeds, probably because of high historical effective population size or relaxation
on purifying selection of slightly deleterious CNVs. Also, clustering based on copy number
variation regions displayed low population differentiation indicating the effect of transient CNVs
or CNV hot-spot region. Functional analysis revealed enrichment of CNVR in genes related to
immunological responses and environmental interaction such as sensory perceptions of smell and
chemical stimuli. In addition, we also detected a CNV overlapping the KIT gene in English
longhorn cattle which has been identified previously in Belgian blue, white park and Galloway
cattle and associated with colour-sidedness.
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Abstract
Background
Structural variations (SVs) are large size genomic regions which include inversion, balanced
translocation, insertions or deletions. Although SVs are relatively less frequent than SNPs, some
have a significant contribution to individual fitness. In this study, we used 29 whole genome
sequences representing various European taurine, African taurine and zebu cattle to identify SVs
in cattle genomes. Additionally, SVs were also identified from whole genome sequence (WGS)
of ancient aurochs to further facilitate their comparison with modern domesticated cattle.
Results
Applying multiple approaches of SV identification and stringent filtering criteria, we identified
11,185 autosomal SVs in the domestic cattle studied. The average number of SVs identified per
sample in domestic cattle was 1820 and an ancient aurochs WGS harbored 749 high-quality SVs.
Functional annotation revealed that these SVs encompassed various genes related to metabolism,
coat color and meat quality. Additionally, several novel lineage-specific copy number variants
(CNVs) were identified. Moreover, many duplication events identified in an ancient aurochs
sample overlapped with those identified in modern domestic cattle, indicating that these events
might already have been segregating in the ancestral aurochs population. Furthermore, some
of these shared duplications were identified in genes encoding olfactory receptors and proteins
with functions related to immunity, probably indicating their evolutionary importance.
Conclusions
We identified various protein-coding genes and regulatory elements encompassing SVs which
represents valuable resources for future studies aimed at finding the association between physi-
ological processes and SVs. Additionally, our results also highlight the important contribution
of SVs in relation to cattle diversity and evolution.
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6.1 Introduction
Sequence diversity consists of various types of genomic variations such as single nucleotide poly-
morphisms (SNPs), structural variations (SVs), small insertions and deletions (INDELs). SVs
encompass large size (usually > 1 kbp) genomic features such as duplications, deletions, inver-
sions and translocations were observed (Layer et al., 2014). Although SVs occur at relatively
low frequencies, they may have a high impact on gene structure and function. SVs can influence
mRNA and protein expression levels, if overlapping with regulatory regions or coding sequences
of genes (Aldred et al., 2005; Perry, 2009), thereby contributing to the fitness of an individual.
E.g., in humans, different expression levels of the AMY1 gene between populations has a direct
relationship with the AMY1 copy number, as each duplicated copy also carries the regulatory
regions of the gene (Bank et al., 1992; Perry et al., 2007). Conversely, deletions can also affect
the phenotype by disrupting the regulatory elements of the gene as reported for goat polled
intersex syndrome (Schibler et al., 2000).
Being widespread in mammalian genomes, SV contributes significantly to diversity. For instance,
Asian pig carry increased copy numbers of the UGT2B10 gene compared to European pigs; this
increase in copy numbers was suggested to be associated with detoxification (Paudel et al., 2013).
Also, in cattle, genes encoding proteins related to parasitic disease resistance, such as CATHL4
and ULBP17, display a difference in copy number between indicine and taurine cattle (Bickhart
et al., 2012). Moreover, beef cattle also have been shown to carry high copy numbers of genes
related to lipid metabolism and transportation (Bickhart et al., 2012). Similar to pig and sheep,
SV in the genes controlling coat color, such as KIT, were also reported in cattle (Durkin et al.,
2012; Upadhyay et al., 2017). In fact, Durkin et al., (2012) reported two alleles involving SV
affecting the KIT gene resulting in differential patterns of coat color in Brown Swiss and Belgian
Blue cattle.
Different approaches have been used to identify SVs in the bovine genome including comparative
genomic hybridization (CGH), SNP microarray and whole genome resequencing (Gao et al.,
2017; Kijas et al., 2011; Liu et al., 2010; Stothard et al., 2011; Upadhyay et al., 2017; Zhan et al.,
2011). While CGH and SNP microarray-based methods suffer from low accuracy in estimation of
proper break-points and length of SV events, advances in next-generation sequencing technology
and computational algorithms allow the identification of common and rare SVs with relative
accurate estimation of the break-points (Bickhart et al., 2012; Mesbah-Uddin et al., 2018).
SV identification methods based on whole genome resequencing data can make use of the fol-
lowing four categories: Read-pair (RP), Split-reads (SR), Read depth (RD) and assembly-based
methods (Pirooznia et al., 2015). Each of these methods has its strengths and limitations. For
instance, while RP-based methods are relatively accurate in identifying medium to large-sized
SVs, small sized SVs are difficult to ascertain as small disruptions in insert size are difficult to
separate from the normal background dispersion in insert size distribution (Medvedev et al.,
2009). Therefore, a variety of tools has been developed that combine multiple methods like e.g.
LUMPY (Layer et al., 2014) which combines RP and SR, and GenomeSTRiP (Handsaker et al.,
2015) which combines RP and RD approaches.
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In this study, we used LUMPY (Layer et al., 2014) to identify SVs from whole genome re-
sequencing data of 29 cattle representing African, European and Zebu cattle. In European
cattle, we investigated commercial cattle that represent individuals selected intensively for traits
related to fertility and milk production, and southern European cattle which have short selection
history with emphasis on traits related to meat production. Therefore, our goal was to identify
SVs that might be associated with phenotypic variations observed across these diverse cattle
populations. Additionally, we also identified SVs from whole genome sequencing data of an
ancient aurochs sample (Park et al., 2015) to further facilitate variant comparison with modern
cattle breeds.
6.2 Material and Methods
6.2.1 whole genome sequencing data
The samples used for CNV identification are described in Table S1. DNA extraction was per-
formed from either blood, hair roots or semen samples which were collected from 19 individuals of
Balkan-Italian and Iberian cattle breeds. Library construction for the whole genome sequencing
(WGS) was carried out with 0.5-3 µg of genomic DNA following the Illumina library preparation
protocols (Illumina Inc.). Following library construction, all 19 DNA samples were paired-end
re-sequenced with 150 bp read length using the Illumina sequencing technology (Illumina Inc.).
An additional 10 WGS data (Table S1) of individuals representing several commercial and tra-
ditional cattle breeds were downloaded from the NCBI short read archive; all of these sequences
were included in the data published previously (Bickhart et al., 2016a; Daetwyler et al., 2014;
Kim et al., 2017; Murgiano et al., 2014).
6.2.2 Raw fastq file processing and alignment
To perform the quality-based trimming of each fastq file, the program Sickle (Joshi and Fass
et al., 2011) was run with default settings (except for the length threshold of 50 bp). BWA-
mem (Li, 2013) algorithm was used to align the sequences against the bovine reference genome
build UMD 3.1. Following the alignment,samtools rmdup was used to remove PCR duplicate
reads from the bam files (Li et al., 2009). Finally, local read re-alignment was performed
using “RealignTargetCreator” and “IndelRealigner” with arguments as implemented in Genome
analysis toolkit 3.1 (GATK) (Li et al., 2009).
6.2.3 Detection of structural variation using smoove
We used the smoove pipeline (https://github.com/brentp/smoove), which wraps various exist-
ing software and adds a number of internal read-filtering, to reliably call and genotype SVs
(Figure 6.1). First, we extracted discordant read pairs and split read mapping to separate
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sam files using SAMBLASTER (Faust and Hall, 2014); later, we used samtools (Li et al.,
2009) to sort and convert these sam files into bam files. Following this extraction, we used
smoove to call SVs. The approach implemented in smoove filters out spuriously aligned reads
from bam files containing discordant read pairs and split read mapping based on multiple cri-
teria from bam files containing discordant read pairs and split read mapping (described at:
https://brentp.github.io/post/smoove/) before using LUMPY (Layer et al., 2014) to call SV.
The algorithm implemented in LUMPY uses a number of alignment signals such as discordant
paired-end and split read mapping to determine break-points and SV type. Following this single
sample SV calling, we used SVTyper (Chiang et al., 2015), which is internally implemented in
smoove, to extract, merge and genotype all the sites from all the groups.
6.2.4 Post-filtration and SV processing
The LUMPY SV calling approach does not consider read depth evidence exclusively, therefore,
we developed an in-house python script which used pysam and pyvcf module to add “CV”
(normalized coverage) tag in the vcf file containing genotyped SVs. The in-house python script
estimates “CV” by dividing the average read-depth across the genomic regions containing SVs
by the average read-depth across the entire genome. To reduce the discovery of false positive
SVs, we used the following two criteria: 1) from the combined dataset, we excluded all SVs for
which the breakpoint positions fell within 100-bp of a gap reported in the reference sequence,
2) we excluded all SVs for which more than 25% of the bases fell within a gap (Letaief et al.,
2017). Following this early round of SVs filtering, we merged all SVs that displayed the same
SV type/event (either duplication, deletion or inversion) with more than 90% overlap. Later, we
set the SVs genotype of an individual as missing if it did not satisfy at least two of the following
criteria: 1) CV in a sample should either be less than 0.8 times (for deletion) or greater than
1.2 times (for duplication) of the average coverage in the same sample, 2) the total number of
paired-end evidence in each sample showing SV should be greater than or equal to three, 3) the
total number of split-reads mapping in each sample showing SV should be at least one, 4) CV
should be less than 0.8 times (for deletion) or greater than 1.2 times (for duplication) of the CV
for the same genomic region in an individual with a single copy.
6.2.5 CNV detection using CNVnator
CNVnator (Abyzov et al., 2011) was also used to detect CNVs from whole genome sequencing
data. This additional approach of CNV detection was employed for two reasons: 1) the over-
lapping results from CNVnator along with smoove approach were used to identify genes most
likely encompassed by CNV, 2) to detect CNVs from WGS of ancient aurochs sample which
was generated using single-end library resequencing. The details about the aurochs sample and
downstream processing of the bam file are described in Park et al., (2015). In brief, the algo-
rithm as implemented in CNVnator uses the principle that any given genomic regions harboring
a CNV event displays differential read depth compared to a normal single-copy genomic region.
Moreover, the algorithm also performs read depth correction based on the GC-content of the
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genome. To avoid identification of false positive CNVs due to segmental duplications and low
complexity regions in the genome, we filtered out CNVs for which the fraction of reads with
low mapping quality was greater than fifty percent. Further, a CNV was also excluded if its
breakpoints fell within 100-bp of a gap or when more than 25% of its length consisted of gaps
reported in the reference sequence.
6.2.6 Annotation
Of the total SVs identified separately using smoove and CNVnator, we only retained those events
(deletions and duplications) that showed overlap with each other. Later, we used the program
Ensembl Variant Effect Predictor (VEP) (McLaren et al., 2016) to annotate the gene content
of overlapped SVs identified for each approach—smoove and CNVnator. Finally, we only kept
genes/regulatory regions for which the VEP predicted the similar consequences in both these
approaches.
6.2.7 Comparison with SV reported for cattle in Databases
To validate the SVs identified in the study, they were compared with the Database of Ge-
nomic Variant archive (DGVa). For this purpose, we downloaded the “gvcf” file from the
Ensembl database (ftp://ftp.ensembl.org/pub/release-93/variation/gvf/bos taurus/) which con-
tained SVs identified in the cattle genome in previous studies with DGVa.
6.3 Results
6.3.1 CNV statistics and sharing
A total of 29 whole genome sequences, with coverage ranging between 2.63x and 12.67x rep-
resenting 23 European taurine, 4 African taurine and 2 zebu cattle were obtained, covering a
broad range of bovine phenotypic diversity (Table S1). We identified CNVs, mainly using split
reads and paired-end reads algorithms as implemented in LUMPY (Figure 6.1A). Additionally,
to reduce the detection of false positive SV in our dataset, we also implemented filtering criteria
based on the read depth information using an in-house python script. LUMPY as implemented
in the smoove pipeline identified a total of 36,676 SV events across all samples. After applying
various filtering criteria and merging the events showing 90 percent of overlap, the number of
SV were reduced to 11,185.
About 35% of the total SVs were a singleton. We discovered a large variability in the number of
different SV events. In general, deletion events were significantly over-represented compared to
duplications and inversions (Table S2). Also, the number of SVs per individual varied from 681
to 3437, displaying large variability across cattle samples (Figure 6.1b). On average, African
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Figure 6.1: A). Bioinformatics workflow used to detect SV wrapping the pipeline imple-
mented in smoove, B). Distribution of total SV counts per individual across different cattle
populations. Abbreviations: AFRTAU-African taurine, BAITAU-Balkan and Italian cattle,
IBRTAU- Iberian cattle, WESTAU- Western European cattle, INDZEB- Indian zebu.
(AFRTAU) and zebu (INDZEB) individuals displayed a higher number of events compared to
European individuals.
A comparison with the SVs presents in the DGVa showed that about 40% of total SVs identified
in the present study overlaps with the genomic positions of SV reported in the previous studies.
However, we noted several SV discrepancies between DGVa and the present study. For instance,
between 45.6 and 47.6 Mb on Chromosome 2, DGVa only reports an inversion, while we also
observed many deletions in the same region in addition to a small inversion.
To investigate the distribution of SV among individuals, we calculated the proportion of SV
sharing between every pair of individuals. To account for variability in total SV count across
individuals, the proportion of SV sharing was calculated as the total number of shared SVs
divided by the sum of total SVs identified in both individuals. As expected, the heatmap
clustering results (Figure 6.2A) indicates a high degree of sharing of SVs between individuals
of the same breed or/and similar geographic origin (Figure 6.2A). Next, we also performed a
principal component analysis (PCA) to assess the clustering pattern based on SVs. As expected,
our results presented in Figure 6.2B separated zebu from the taurine populations, and African
taurine from European taurine populations. PCA, excluding African and zebu cattle, also
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Figure 6.2: A). Heatmap plot shows the proportion of CNV sharing between each pair of
individuals. B). Principal component analysis performed on genotyping SV; EV1 and EV2
represent the first and second principal component, respectively.
separated the clusters of Iberian and Italian cattle with Western European positioned at the
center of the plot (Fig S2). However, we note that Italian individuals (two Busha and one
Chianina) with low coverage (between 2X and 6X) and two Iberian individuals (one Maronesa
and one Tudanca) formed a cluster with western European cattle.
6.3.2 Functional annotation
One of the goals of this study was to identify genic regions encompassed by SV in a diverse set
of cattle populations. However, accurate identification of such regions is difficult in case of low
sequencing coverage data ( <10X). Therefore, we developed a pipeline (Figure S1) combining
the output from smoove and CNVnator to identify accurately the genic and regulatory regions
encompassed by SVs (described in the method section). Functional annotation identified a total
of 449 genes that displayed the same type of consequences as predicted by the VEP in the
overlapped 441 SV detected across smoove and CNVnator outputs (Figure 6.3). For example,
VEP predicted transcript ablation (or deletion of transcript feature) for various protein-coding
genes located between 108.52 Mb and 109.29 Mb on Chromosome 6. This chromosomal segment
encompasses SVs that were identified in many individuals and contained genes such as PDE6B,
SLC26A1 and FGFRL1 (Table 1 and Table S3). VEP also predicted transcript ablations for
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various other genes such as GRM6, ARID1B, ALKBH5 and others which encode proteins with
functions related to immunity and olfactory activities (Table 1 and Table S3). Furthermore,
we also identified duplication events involving transcripts of various protein-coding genes such
as APOH, GLYAT and IFITM1 (Table 1 and Table S4). Several genes such as TRAV16 and
TRAV17 displayed multiple types of consequences (ablation and amplification) across the cattle
populations. Additionally, we also identified SVs near or in the regulatory regions within various
genes such as GALNTL6, AOX1, and LEPR (Table 1 and Table S5).
Figure 6.3: Circular plot showing the distribution of SVs identified within the regulatory
regions or/ within the coding regions of genes on UMD 3.1 genome. The innermost layer
(blue lines) represent the SVs for which VEP predicted transcript amplification. The inter-
mediate layer (red lines) represent the SVs for which VEP predicted transcript ablation and
the outermost layer (green lines) represent the SVs which encompasses the regulatory regions
of various genes.
From the unique variants, that were identified after comparison with DGVa, we identified lineage-
specific SV events in our dataset. Comparing two zebu samples against the pool of African and
European taurine samples led to the identification of an intronic region of the HMGA2 gene that
was duplicated in both the zebu individuals but had a 2n copy number in the taurine individ-
96
Comparative evaluation of structural variations in taurine and indicine cattle
using individual whole genome sequences
uals (Figure 6.4). Interestingly, comparing four African taurine samples against the remaining
samples led to the identification of several SV events that are specific to African taurine samples
(Table S6). For instance, a duplication event involving the protein-coding GALNT15 gene was
identified only in African taurine individuals (Figure 6.5). Among European taurine samples,
several BAITAU specific SV were detected in genes such as HERC2 and APOH.
Figure 6.4: Jbowse screenshot showing the coverage of zebu and taurine WGS alignment
for duplication identified as lineage specific in zebu. Abbreviations: GI-Gir, KE-Kenana,
MA-Maremmana,ND-N’Dama, DX-Dexter.
6.3.3 CNV in aurochs
After performing various quality filtering steps on CNV identified using CNVnator, a total of
537 deletions and 212 duplications were detected in the aurochs sample. Comparison of CNVs
identified in aurochs with domestic cattle (in our dataset) led to the identification of three
common genomic positions encompassing SV. Interestingly, of the three SVs, only one displayed
the same type of event (a deletion) between aurochs and domestic cattle in our dataset. This
deletion event spanned from 52.425 to 52.428 Mbp on Chromosome 23 (Figure S3). However,
as the deletion events in the aurochs sample are difficult to ascertain given the low sequence
coverage (∼6X) and fragmented nature of the DNA sequences from the ancient genome, we
compared the duplicated CNVs identified in aurochs with duplicated CNVs reported for cattle
in DGVa. Of the 212 duplications identified in aurochs (Table S7), 171 duplications overlap
with duplications reported for cattle in DGVa. To rule out the spurious duplication events from
the remaining 41 aurochs-specific duplications, we filtered out events that had gaps 1000 bp
upstream or downstream of the events. Finally, we identified 24 duplicated events specific to
the aurochs sample (Table S8).
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Figure 6.5: Jbrowse screenshot showing the coverage of zebu and taurine WGS alignment
for duplication identified as lineage specific in African taurine. Abbreviations: GI-Gir, ND-
N’Dama, PA-Pajuna, LI-Limia.
6.3.4 Discussion
Cattle populations across the world, exhibit a large phenotypic diversity which can be attributed
to various genomic variations such as SNP, INDELs and SV. In this study, we used WGS data
of taurine and indicine cattle to investigate SV profiles and identify various genes harboring
SV.
Despite the advancement in next-generation sequencing and computation technology, the prob-
lem of accurately identifying SVs persists (Freeman et al., 2006; Zhan et al., 2011). For instance,
Zhan et al. (2011) reported low overlap in CNVs identified using three different approaches
—CGH array, WGS and, high-density SNP array- in the same set of individuals. Therefore,
the authors suggested to only consider SVs identified from using multiple tools/approaches to
reduce false positives. Hence, in our present study, we used LUMPY as implemented in the
smoove pipeline to identify SVs. The algorithm in LUMPY uses discordant read-pairs (includ-
ing split reads) information. Additionally, we also applied read-depth based filtering to obtain
high-quality SV as the combination of read-depth and discordant read-pair mapping approaches
has previously been shown to produce a high confidence CNV set (Zhou et al., 2017). Before
downstream processing, we removed SVs that had more than 25 percent of bases located within
gaps or SVs that had break-points located within 100 bp of a gap identified in UMD 3.1 assembly
because alignments in such regions can be misinterpreted as deletions.
Like many previous studies, that used WGS data to identify SVs in cattle, we also report an
abundance of deletion events compared to that of duplication and inversion events. Though there
could be a possible biological explanation for the abundance of deletion events— such as non-
allelic homologous recombination (NAHR) events producing more deletions than duplications
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Table 6.1: Some examples of genes encompassed by SV identified in the study
Gene
Function/related
to
UMD 3.1 co-
ordinates of
SV
Types of
SV
Identified
FGFRL1
Formation of slow
muscle fibers
Chr6:108528590-
109293009
Deletions
Hou et al.,
(2011),Bous-
saha et al.,
(2015),this
study
POLR2K
synthesizing mes-
senger RNA
Chr14:23735715-
23737483
Deletions This study
ALKBH5
modification of
messenger RNA
Chr19:35022001-
35044800
Deletions This study
LEPR Fat metabolism
Chr3:80120431-
80124982
Deletions This study
HERC2
Pigmentation in
human
Chr2:644410-
671787
Duplication This study
GLYAT Detoxification
Chr15:83435290-
83493549
Duplications
Liu et al., Bick-
hart et al.,
(2016) and this
study
AOX1 Detoxtification
Chr2:89573026-
89595342
Duplication
Hou et al.,
(2011), Bickhart
et al., (2016)
and this study
APOH
lipoprotein
metabolism
Chr19:63210546-
63270976
Duplication This study
(Turner et al., 2008) — an algorithmic bias against duplications cannot be ruled out. Validation
of SVs carried out by comparison with DGVa resulted in an overlap of about 40% of the total
SVs identified in the present study. Interestingly, a previous study on 100 individuals from
twelve different cattle breeds (Mielczarek et al., 2018) also reported a similar value of overlap
with DGVa. These results show that despite the relatively small sample size investigated in our
study, the inclusion of individuals from diverse cattle populations successfully captures a large
proportion of previously reported variants.
We discovered, perhaps as expected, large differences in average SV counts per individual with
highest values reported for zebu and African taurine individuals. This result is in contrast with
the study of Bickhart et al., (2016), which reported comparable CNV counts for taurine and zebu
individuals. Diversity in copy number variations has shown to be associated with population
demography (Paudel et al., 2013; Upadhyay et al, 2017). For instance, using WGS data, Paudel
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et al., (2013) reported a higher count of copy number variable regions in Asian pigs compared
to European pigs, which they attributed to a difference in effective population size. Therefore,
it is likely that the differences that we observed in SV counts among different cattle populations
are due to population demography. Although part of the differences in SV counts can also
be attributed to the fact that the UMD3.1 reference genome used for alignment is assembled
from sequences of a Hereford (European taurine) cow. The pattern of population clustering using
PCA separated individuals based on their geographical origin, except for three BAITAU and two
Iberian individuals. It is worthwhile to note that these three BAITAU individuals had genome
coverage less than 6X and that the two Iberian individuals are likely recent crossbreds.
In the present study, we identified various protein-coding genes and regulatory elements encom-
passing SVs which represents valuable resources for future studies aimed at identifying relation-
ships between copy number variation and phenotypic variation in cattle (Table S3 to S5). To
reduce the identification of genes covered by false positive SVs or inaccurate SV break-points,
we only report the genes for which VEP predicted the same type of consequences of the SV
identified by both CNVnator and smoove . Therefore, we suspect that with this approach, we
might have missed many genes covered by true SVs. For instance, smoove identified a dupli-
cation of the entire KIT gene in African cattle, while CNVnator identified duplication in the
regulatory region of the KIT gene in these individuals. Nevertheless, this approach identified
449 genes that were either covered by an SV or had an SV in their downstream or upstream
sequences. Of the total number of genes identified as being encompassed by SVs, many have
already been reported. For instance, the GLYAT gene (Bickhart et al., 2012, 2016b), which
plays an important role in detoxification of metabolites, showed a duplication in Iberian and
British individuals (Table 1). Apart from KIT, we also identified a duplication of part of the
HERC2 gene in two Maremmana cows, which has been associated with hair colour and skin
pigmentation in human (Visser et al., 2012).
We also detected an SV in the regulatory region of GALNTL6, which has been associated with
feed efficiency and growth traits in cattle (Doran et al., 2014; Seabury et al., 2017; Zhang et al.,
2015). We also observed deletions in the third and sixth intron of the LEPR gene in two African
taurine and one Iberian individual, respectively. The LEPR gene encodes a receptor for Leptin
and its function is associated with fat metabolism and therefore, its role in regulating body
weight is well described (Bolormaa et al., 2014). Interestingly, Shi et al. (2016) reported an
association between copy number within the third intron of the LEPR gene and its expression.
Further, deletions in the regulatory region of the CAST and CAPN13 gene were also detected
in three African taurine and one zebu individuals. Previous studies have associated these genes
with meat tenderness and quality (Barendse et al., 2007; Casas et al., 2006; Tizioto et al., 2013).
However, no CNV had been identified in this region of the CAST gene so far. Concerning
adaptation and heat stress response, SV in the DNAJ gene families (e.g. DNAJ12, DNAJ13,
DNAJ18), which act as a cofactor for the heat shock proteins, were also identified.
We also identified a breed-specific duplication event encompassing the GALNT15 gene in all the
samples of African taurine origin. Also, an indicine-specific duplication event encompassing an
intron of the HMGA2 gene was identified. We also validated this duplication event in additional
samples of African zebu. Furthermore, this duplication event has previously been reported in
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almost all zebu individuals (Bickhart et al., 2016). The HMGA2 gene has been associated with
body stature in human and various domestic animals (Goddard et al, 2011; Plassais et al., 2017;
Bouwman et al., 2018). Comparison of duplications in domestic cattle and aurochs revealed that
approx. 80% of the duplications identified in aurochs overlap with the duplications reported for
cattle in DGVa. The functional annotation of these duplications revealed that the majority
of these duplications cover genes with uncharacterized protein function and orthologs of the
olfactory receptor and immunity-related genes (Table S9). Although such comparison was not
performed for the deletions, one deletion that was identified as shared between ancient aurochs
and domestic cattle (in the present study) encompasses an ortholog of an olfactory receptor-like
gene. A possible selection on these shared events can also be inferred given the evolutionary
advantage the process of olfaction and immunity provide to livestock species (Paudel et al.,
2013). Nevertheless, these results suggest the ancestral origin for many SV events identified in
modern cattle. Interestingly, Paudel et al., (2013) also reported a large overlap of copy number
variable regions between wild and domesticated pigs.
We note that usually many difficulties are associated with accurate identification of SVs us-
ing short-read sequencing technologies. For example, short reads are difficult to map on the
repetitive/complex regions of the genome which makes the identification of SV in these regions
inaccurate. However, mapping in such regions can be accurately determined using reads gener-
ated by long-read sequencing technologies, such as the PacBio or Oxford nanopore platforms,
which produce reads with an average length of about 15 kbp. Moreover, such long reads can
even span entire SV events. Therefore, these will allow the identification of SV more accurately
and comprehensively compared to short-read technologies (Huddleston et al., 2017; Vil¸uma et
al., 2017). Using a combination of SVs detection tools and stringent filtering criteria, we gen-
erated the SVs profile of diverse cattle populations. Further, functional annotation of these
SV identified genes underlying a variety of traits related to coat color, metabolism and meat
quality. In addition, we also identified lineage-specific SVs in various cattle populations. These
results suggest the important contribution of SVs in cattle diversity. Moreover, a large number
of duplicated events identified in an ancient aurochs sample overlapped with those identified in
modern domestic cattle, indicating that these events might have been segregating in ancestral
aurochs population. However, a larger number of sequenced aurochs samples are needed to
explore this hypothesis further. To conclude, our study highlights the important contribution
of SVs in relation to cattle diversity and evolution.
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7.1 Introduction
European cattle display vast phenotypic diversity which can be attributed to genomic varia-
tions such as single nucleotide polymorphisms (SNPs) and structural variations (SVs). The
distribution of these genomic variations in a population is heavily influenced by different pop-
ulation genomic forces such as migration, drift, and selection. In this thesis,genomic variations
were characterized in traditional and primitive European cattle breeds using genome-wide SNPs.
Specifically, hypotheses concerning gene flow from zebu,African taurine and wild local aurochs
ancestry were investigated in detail. To understand the patterns of genomic variations compre-
hensively, I also characterized the structural variations in the genome of European cattle. In
this final chapter, I will discuss the main findings of all the previous chapters in the context
of existing literature and knowledge about the genetic structure, admixture, and variations in
European cattle.
7.2 Patterns of genomic admixture
7.2.1 On geneflow between European and non-European cattle
The divergence between populations is directly proportional to the time since they shared a most
recent common ancestor and differential selection pressure they experienced in their respective
environments unless gene flow occurred in these populations. Indeed, the dynamics of population
divergence is heavily influenced by gene exchange between isolated populations. In general, gene
exchanges between previously isolated populations counter the divergence due to population
scaled mutation rate and genetic drift. This demographic model, which is also known as Isolation
with Migration (IM), has been investigated widely to explain the genomic divergence observed
in a various population of livestock and wild species. For instance, studies have reported the
presence of a high frequency of mtDNA haplotypes of Asian origin in various European pig
breeds due to admixture. In fact, Bosse et al., (2014) also identified introgressed Asian pig
haplotype in European domestic pigs which most probably contributed to increased fertility.
These results are in good concordance with the historical record of the early nineteenth century
which mention the import of Chinese pigs in Europe because of the renowned fertility of Chinese
pigs. Another example is the introgression from Chinese pigs into European pigs of the regulatory
gene variant at the porcine IGF2 gene that explains increased muscle growth (Van Laere et
al., 2003). However, even though historical records associated with import/migration of zebu
cattle are scant, the gene flow from indicine cattle in many European cattle breeds has been
hypothesized. For example, based on the similarity of a β-globin variant, Pieragostini et al.
(2000) proposed a contribution of zebu cattle in the gene pool of Podolica cattle. Furthermore,
analyzing microsatellite markers in different Eurasian cattle breeds, Cymbron et al. (2005)
reported that among all mainland European cattle breeds which they studied, Italian cattle
breeds—particularly Maremmana and Modicana—followed by Greek cattle breed— Sykia—
displayed the highest frequency of indicine population-associated alleles (PAA). They proposed a
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Near Eastern origin for this indicine ancestry in Italian and Greek cattle breeds. This hypothesis
was further supported by the identification of indicine mtDNA haplotypes in individuals of the
Ukrainian Whitehead cattle breed (Kantanen et al., 2009). Further, analyzing genome-wide
SNP data, McTavish et al. (2013) reported indicine ancestry in multiple southern European
cattle breeds, and they also proposed a north-south gradient of indicine ancestry in Europe.
Decker et al., (2014), however, refuted this hypothesis as they reported indicine ancestry only
in three Italian cattle breeds—Chianina, Romagnola and Marchigiana. Nevertheless, all these
studies lack in the genetic information of cattle breeds from the Balkan region which lies between
Anatolia and Italy and therefore, may provide a more comprehensive understanding of indicine
ancestry gradient in European cattle breeds.
In this thesis, I used genome-wide SNPs genotyped in different cattle breeds of Balkan and Italian
regions (BAI) to characterize indicine ancestry in detail. Using unlinked SNPs and a haplotype-
based approach, I show that indicine ancestry is a common feature of several BAI breeds. In
chapter 2, I carried out standard population genomics analyses (such as ADMIXTURE and
D-statistics) based on high-density SNP array data and proposed that high divergence of BAI
breeds can be attributed to indicine ancestry. Interestingly, the signals of indicine ancestry
were not observed in any of the Iberian cattle breeds that were investigated, confirming the
previous hypothesis that indicine ancestry is uncommon in southern European breeds (Decker
et al., 2014). Further, in chapter 3, I carried out a detailed characterization of indicine ancestry
in European cattle and showed that different Italian cattle breeds as well as the breed called
Busa, of Balkan origin—display a similar proportion of indicine ancestry in their genomes.
These results could indicate that BAI breeds received this indicine ancestry from a common
ancestor and subsequently, differentiated relatively recently. However, ADMIXTURE analysis
is known to be affected by sample size, and moreover, several demographic scenarios often lead
to same ADMIXTURE patterns as noted by Lawson et al. (2018). Similarly, the result of D-
statistics does not necessarily imply gene flow between the lineages as a subdivision of ancestral
populations, if this remains persistent for a long time, also leads to signals similar to recent gene
flow (Theunert and Slatkin, 2017). However, sub-structure is unlikely to affect these results as
Indian and European cattle have been domesticated independently. Nevertheless, based on the
results of chapter 2 and chapter 3, I propose several models as shown in Figure 7.1 that can
be tested on whole genome sequencing data (WGS) using a Bayesian approach for thorough
investigation of demographic events in BAI breeds.
The fact that BAI breeds still display indicine ancestry in their genomes indicates the possi-
bility that indicine genomic segments might be under selection because of some adaptive ad-
vantages they confer to BAI breeds. Indeed, this phenomenon—also known as ‘adaptive intro-
gression’—whereby introgressed segments from distantly related populations provide increased
fitness to the donor population, has been reported in many animal species (Hedrick, 2013). For
instance, Song et al. (2011) identified a large genomic segment in a new world mouse population
(Mus musculus) which has been introgressed from old world mice and contained the warfarin
resistance gene vkorc1 encoding the vitamin K epoxide reductase subcomponent 1. The BAI
cattle breeds display many zebu-like traits such as adaptation to relatively hot climates and
better general disease immunity. In fact, Modicana, which is an Italian cattle breed, displays
7.2 Patterns of genomic admixture 105
Figure 7.1: Schematic of the proposed demographic models to be tested on whole genome
sequencing data. Double-headed arrows represent migration events that should be modelled
as two continuous parameters. Barring the model (A), which represents null model without
migration events, all other demographic models include migration events. The term “An”
refers to the ancestral effective population size or simply, effective population size. Other
abbreviations used as subscripts: TZ- term for the ancestors of taurine and zebu before they
split, T-Taurine, Z-Zebu, AFT-African taurine, BAI- Balkan and Italian taurine, ZW: ances-
tral wild Zebu. The “t0” refers to the number of generations (back in time) in the past at
which the ancestral taurine and zebu population separated. The “td“ refers to the number
of generations (back in time) at which the domestic cattle separated from their wild ances-
tors. The “tbs“ refers to the number of generations (back in time) at which the African cattle
separated from the European domestic cattle.
bifid processes in the last thoracic vertebrae— traditionally considered as a zebu-specific char-
acteristic (Grigson 2000). Therefore, an intensive sampling of various BAI breeds is needed to
investigate this hypothesis of adaptive introgression.
Many studies analyzing uniparental markers such as mitochondrial DNA and Y chromosomal
haplogroups as well as analyzing microsatellite and genome-wide SNP markers have identified
African cattle ancestry in various southern European cattle breeds (Beja-Pereira et al., 2003;
Cymbron et al., 2005, Ginja et al., 2010a, 2010b; Decker et al., 2014). In fact, Decker et
al. (2014) reported indicine as well as African taurine cattle ancestry in central Italian cattle
breeds of Chianiana, Romagnola, and Marchigiana. In Chapter 3, using a haplotype-based ap-
proach with genome-wide SNP markers, we proposed that other BAI cattle breeds like Busa
and Maremmana also display shared ancestry with non-European cattle which is quantitatively
similar to central Italian cattle breeds. Moreover, ADMIXTURE analysis of high-density SNP
array data also identified signals of shared ancestry between Iberian and African taurine cattle.
These results could be interpreted as a legacy of the Moors who inhabited the Iberian Peninsula
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between the 8
th
to 15
th
centuries and certainly would have brought livestock with them during
their more than 600 years presence on the Peninsula. However, because European and African
taurine cattle originated from the same domestication center, i.e., the Near East, the possibility
of shared ancestry (without migration) cannot be ruled out. Shared genetic variation between
relatively closely related populations but without migration has been observed for many species.
For instance, by applying a Bayesian approach on microsatellite data, Sousa et al. (2012) showed
that the observed genetic patterns in fish populations, which was attributed to admixture using
a clustering-based approach, could be better explained by the demographic model with a pop-
ulation split but without admixture. However, introgression in BAI cattle breeds from a ghost
population carrying both—African and indicine cattle—ancestry cannot be ruled out.
In this thesis,relationship between southern European cattle and East African zebu was also
explored. Although, as described in chapter 2, no shared indicine ancestry between Iberian and
Nellore (derived from Indian zebu) was observed,the inclusion of genotyping data of East African
zebu in chapter 3 indicated shared ancestry between East African zebu and southern European
cattle.However,as East African zebu itself is a cross-breed between African taurine and zebu,
this signal of shared ancestry is difficult to interpret.
7.2.2 On geneflow between domestic European cattle and wild local au-
rochs
Backcrossing between the wild ancestor and its domesticated form is not uncommon in livestock
species (Barbato et al., 2017; Frantz et al., 2015; Vila` et al., 2005; Frantz et al., 2013). For
instance, Frantz et al., (2013) reported that wild local pigs and domesticated pigs in Eurasia
interbred quite often, contrary to the general assumption of reproductive isolation between these
two species. However, such events of interbreeding between domesticated cattle and local wild
aurochs are highly debated. Before Park et al., (2015) first published the WGS data of British
aurochs, researchers had used only uniparental markers (mtDNA and Y-chromosome SNPs)
to investigate this research question (Achilli et al., 2008, 2009; Bollongino et al., 2008; Bon-
figlio et al., 2010; Go¨therstro¨m et al., 2005; Svensson and Go¨therstro¨m, 2008). While mtDNA
studies identified novel haplogroups in Italian cattle breeds such as Chianina and Romagnola,
supporting some level of aurochs introgression in Italian cattle breeds (Bonfiglio et al., 2010),
the results based on Y-chromosome analysis has remained inconclusive (Bollongino et al., 2008;
Go¨therstro¨m et al., 2005). Park and colleagues (2015) analyzed WGS data of wild local aurochs
in relation to worldwide cattle breeds, and they concluded, perhaps not surprisingly, that cattle
breeds of Britain and Ireland share the highest level of genetic variants with the British aurochs
sample among all the cattle breeds that they studied. Although they incorporated genetic data
of more than 1200 animals, their dataset lacked in the genetic information of Iberian and some
important primitive cattle breeds of BAI regions.
In this thesis,comparative analysis of genomic variants were performed between the British au-
rochs sample,which was used in the study of Park et al.,(2015), and various primitive cattle
breeds of Europe.The results as described in chapter 2 indicated instances of interbreeding be-
tween wild local aurochs and ancestors of domestic cattle. However, this gradient of derived
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alleles across European cattle should be interpreted with caution as this analysis (D-statistics)
can provide similar results even in case of a genetic structure in a population. Moreover, signifi-
cant diversity existed among wild local aurochs as inferred by diverse mitochondrial haplogroups
identified in ancient samples of wild aurochs (Bonfiglio et al., 2010). Therefore, the possibility
of secondary geneflow between Italian domestic cattle and other distinct sub-population of local
aurochs (not related to British aurochs) cannot be ruled out. Overall, our results not only rein-
force the earlier findings of Park et al., (2015) but also provide an overview of the distribution
of aurochs specific variants in major primitive cattle breeds of Europe.
In the future, availability of WGS data of ancient aurochs bones sampled from different parts
in Europe and representing different time periods after the event of cattle domestication may
provide more detailed insight into the level of introgression and possible adaptive advantage
of these introgressed segments in extant European cattle breeds. Moreover, such studies also
have the potential to provide insight into how livestock farming evolved over time, since the
beginning of cattle domestication. For instance, a recent study (Bro-Jørgensen et al., 2018)
analyzing mtDNA extracted from the horn of the last aurochs bull, identified the T3 haplogroup
which is the most common haplogroup in domestic taurine cattle. Based on this result, it can
be speculated that the last individuals of the surviving aurochs population might already have
exchanged gene-flow with domesticated cattle before they went extinct.
7.3 Patterns of Genetic relatedness/structure and
demographic history
Knowledge of genetic relatedness, demographic history and genetic status of a population play a
decisive role in conservation management. This information as sometimes recorded in historical
literature is often biased or not available. Genetic markers such as SNPs or microsatellites serve
as powerful tools to retrieve unambiguous breed information that can reliably be used to design a
conservation program.The results as described in chapter 2-4 provided detailed insights into the
relationship among European cattle populations and demographic history using genome-wide
SNP markers.
7.3.1 Genetic relatedness/structure
The information about genetic structure enables the assignment of individuals to their genetic
origin and to identify admixed individuals in a population (Herrero-Medrano et al., 2013; Ne-
grini et al., 2009). In this thesis, unlinked SNP marker-based analyses such as PCA, AD-
MIXTURE, estimating genetic distance, and haplotype-based approaches as implemented in
CHROMOPAINTER and the fineStructure pipeline,were performed to assess genetic structure
of European cattle. Generally, high-density SNP arrays suffer from ascertainment bias which can,
sometimes, distort inferences about population structure (Albrechtsen et al., 2010). Diversity-
related statistics for Swedish traditional cattle breeds as reported in Chapter 4 of this thesis
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indicates that the Genomic Profiler High-Density Bovine150K (GGP HD150K) array can reli-
ably be used to assess population structure and genetic diversity in European traditional cattle
breeds. A similar assessment was not made for the Illumina Bovine777K array as a relatively
low number of samples per breed was genotyped using this array, and therefore, it may have
provided biased estimations of the diversity statistics. However, as a large number of markers
from this array has been validated with MAF > 0.05 across various Eurasian cattle breeds, it
can be safely assumed that estimation of genetic structure was unbiased.
The results presented in chapter 2 clearly differentiate cattle populations based on their origin.
In fact, genetic structure/population split as recovered in PCA can be interpreted as a legacy
of ancient migration events involving Neolithic farmers and their livestock through the Danube
River route and the Mediterranean Sea route. In chapter 3 and 4, population clustering using
a haplotype-based approach not only successfully retrieved the clustering pattern of unlinked
SNP based analyses (PCA and ADMIXTURE) but also provided additional information about
sub-structures within a population. For instance, in Chapter 4, the fineStructure-inferred tree
clearly identified sub-structure within a population of Swedish mountain cattle breeds that
corresponds to the farms from which the samplings were carried out. These results suggest that
a haplotype-based approach as implemented in fineStructure is a powerful tool which can even
identify sub-structures in a population.
7.3.2 Demographic history
Selection and demography both play significant roles in how genomic variants are distributed
among populations. While selection changes the allele frequency of local variants, demographic
changes affect variants across the entire genome (Bosse et al., 2015). Moreover, current effective
population sizes are of major interest in conservation management. However, due to the lack of
pedigree information of local cattle breeds, this information is often difficult to retrieve. There-
fore, in this thesis, inferences of demographic history and recent changes in effective population
size were carried out using the analysis based on runs of homozygosity (ROH) and linkage dise-
quilibrium (LD). The presence of ROH in a genome indicates relatedness between the parents of
an individual. However, the length of ROH decreases over time as recombination events break
down ROH into smaller pieces. Therefore, usually, the presence of small ROH in a genome
indicates ancestral relatedness, while long ROH indicates inbreeding, e.g., consanguineous mat-
ing as the haplotypes have not had enough time to break-down (Bosse et al., 2012). Similarly,
LD-based methods also infer past and recent effective population size where small values of r2
at small genetic distances and rapid decay of r2 values indicate vast haplotype diversity (large
Ne), and large values of r2 across large interval of genetic distances indicates small Ne (Hayes
et al., 2003; Tenesa et al., 2007).
In chapter 2-4,the inferences of demographic events were drawn using the ROH profile of differ-
ent European cattle populations. I show that the abundance of ROH counts in British cattle
breeds indicates the combined effect of genetic isolation and long selection history. Further,
low nucleotide diversity outside ROH as estimated using WGS data indicated a relatively small
number of founding individuals. Conversely, the presence of only a relatively few ROH segments
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and high nucleotide diversity outside ROH in several BAI individuals indicated large ancestral
founding population or highly diverse ancestral population. Similarly, the abundance of long
ROH in several individuals of Iberian and BAI cattle indicated frequent mating between related
individuals which can be attributed to a recent reduction in effective population size. Indeed,
the recent reduction in the effective population size of Mirandesa and Maltese as reported in
Chapter 2-3 is in good agreement with historical and scientific literature concerning these breeds.
For example, it was reported that last pure-bred Maltese bull was culled in 1990 and since then,
semen of Chianina bulls, which showed Maltese-cattle like feature, were used to recover the
population size of Maltese cattle (Lancioni et al., 2016).
In Chapter 4, we investigated demographic history of Swedish traditional cattle populations
most of which had never been studied before. The results showed that despite a reduction in
population size recorded until the end of the 20
th
Century, Swedish mountain cattle still has
a large effective population size. Additionally,the analyses also suggested that despite genetic
isolation the breeders have managed to avoid frequent mating between related individuals in the
southern Swedish cattle breeds—Va¨ne cattle and Ringam˚ala cattle.
7.3.3 Status of genetic diversity
In this thesis, I characterized the genetic diversity of European cattle breeds using data sets
obtained by both WGS and high-density SNP arrays. Both these data suggested that southern
European cattle breeds—especially BAI cattle—have relatively higher genetic diversity com-
pared to Iberian and North-Western European cattle. This observation can be attributed partly
to the complex admixture history of BAI cattle. Moreover, its proximity to the center of do-
mestication means that a founder effect might not have been as strong as it may have been in
Western Europe and Iberia. Moreover, estimates of genetic diversity were in concordance with a
documented breed history for each of the breeds that were analyzed. For example, breeds with
genetic isolation and the recent reduction in Ne like the Maltese and Mirandesa have low genetic
diversity. Furthermore, in chapter 4, diversity statistics suggested that Swedish mountain cattle
display high genetic diversity, while another subpopulation of SMC—Fja¨llna¨ra—display high
variation in genetic diversity.
7.4 Patterns of Structural variations
SVs such as insertion, deletions, inversions, translocations, and duplications are important
classes of genetic variations. These variations can drive mammalian adaptive evolution. In
livestock, studies have associated SVs with coat colour and other morphological traits. More-
over, like other genomic markers such as SNPs and microsatellites, the distribution of SVs in a
genome is affected by demography and selection. However, compared to SNPs, SVs affect large
portions of a genome. Additionally, they may contribute to individual fitness by influencing
mRNA and protein expression levels, and therefore, subjected to selection. For instance, genes
such as CATHL4 and ULBP17 which have been associated with parasitic infection, display a
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difference in copy number between indicine and taurine cattle (Bickhart et al., 2012). There-
fore, defining the distribution and nature of SVs in cattle genomes is crucial to understand the
underlying genetic factors responsible for the observed phenotypic diversity between different
cattle breeds. In the following paragraphs, I discuss the distribution of SVs in the cattle genome
and some important genes encompassed by SVs that we identified in this study. Additionally,
I also discuss the strengths and limitations of the tools that were for SVs identification in this
thesis.
7.4.1 Structural variations and demography
In chapter 5, copy number variations (CNVs) in cattle genomes were identified using signal
intensity data of bovine high-density SNP arrays. We show that, on average, BAI and British
cattle display a significantly higher number of CNVs and non-redundant CNV regions (CNVRs)
compared to Dutch and Alpine cattle. We also suggest that differential selection pressure and
drift effects between cattle breeds can lead to differential CNV counts. However, to validate this
hypothesis, additional samples representing different cattle populations need to be genotyped.
Nevertheless, this observation is in agreement with a recent study by Mielczarek et al. (2018),
in which they reported a significant inter-as well as intra-population variability in copy number
loci between different European cattle populations. Similarly, in chapter 6, using WGS data,
we also reported higher SV counts in African and Indicine cattle compared to European cattle.
A study (Paudel et al., 2013) analyzing CNVs in Eurasian pig populations also reported higher
CNV counts in Asian pigs compared to European pigs which they attributed to higher effective
population size. On the contrary, Bickhart et al. (2016) observed comparable SV counts across
different European and Asian cattle breeds. Therefore, part of the differences between SV counts
across cattle populations can be attributed to the fact that the UMD3.1 reference genome,
which was used for sequence alignment in this thesis, is assembled from sequences of a Hereford
(European taurine) cow.
It has been shown that population inferences based on the pattern of SVs and SNPs produce
identical results in geographically distinct populations (Jakobsson et al., 2008). In chapter
5, we show that CNVRs data successfully clustered individuals belonging to the breeds that
displayed low genetic diversity using SNP data (such as English longhorn and Maltese). However,
hierarchical clustering failed to cluster the individuals based on the geographical similarities,
indicating the effect of small sample size and sharing of high frequent CNVRs. Moreover, the
possibility of false positive CNVs distorting the sharing of CNVRs cannot be excluded.
7.4.2 Structural variation and functional annotation
Many CNVs affecting phenotypic traits related to coat colour and morphology have been iden-
tified in livestock as well as in companion animals (Durkin et al., 2012; Jakobsson et al., 2008;
Salmon Hillbertz et al., 2007). For instance, Salmon Hillbertz et al., (2007) identified a 133-kb
duplication in the genome of Ridgeback dogs which encompass three fibroblast growth factor
(FGF) genes and causes hair ridge and predisposition to dermoid sinus. In chapter 5 and 6,
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we identified SVs encompassing various genes related to important livestock traits. Addition-
ally, in both these studies, we also reported over-representation of genes related to immunity
and olfaction processes. In chapter 5, we identified and validated the structural variant (Cs29)
encompassing the KIT gene in English Longhorn cattle. This variant was first identified in
Belgian blue cattle and was shown to be associated with coat-colour sidedness (Durkin et al.,
2012). Later, Brenig et al. (2013) identified the same variant in White Park and Galloway
cattle. In addition, they also suggested a dose-dependent effect of Cs29 in these breeds. Inter-
estingly, English Longhorn cattle also display considerable variation in coat colour, i.e., such as
red, brown, grey or white. Therefore, it is likely that such a dose-dependent effect of the Cs29
variant might be responsible for coat colour variation in English Longhorn cattle.
In this thesis, SVs were identified in various genes related to metabolism, meat quality, and
immunity-related traits. For instance, in chapter 6, we described SVs encompassing genes such
as CAST and CAPN13 that are associated with meat quality and tenderness (Barendse et al.,
2007; Casas et al., 2006; Tizioto et al., 2013). However, to verify their effect on gene expression
requires that transcriptome data be generated from relevant tissues.
In human, studies have suggested that a large number of SVs are shared across different pop-
ulations (Sjo¨din and Jakobsson, 2012). SV can arise independently in a population and, if
selected upon, can spread in a population. Studies have identified population-specific SVs in
many cattle populations (Bickhart et al., 2016; Xu et al., 2016). In chapter 6, we identified
several population-specific SV in African and Zebu cattle populations. Moreover, several novel
SVs were also identified in primitive cattle breeds. For instance, a novel SV was identified in the
gene HERC2. This gene has been associated with pigmentation in human (Visser et al., 2012).
However, as I mentioned earlier in the section, verification of such novel SVs as identified in this
thesis requires that many samples with recorded phenotypes related to coat colour and body
conformation traits should be investigated using gene expression data.
7.4.3 Structural variation in ancient aurochs sample
In recent times, the advancement in experimental and bioinformatics approaches has led to se-
quencing and analysis of hundreds of ancient genomes (Orlando et al., 2015), which in turn,
have transformed our understanding of population genomics forces leading to speciation and
adaptation. Studies involving ancient genomes in livestock and humans have shown how the
genetic make-up of populations has changed substantially over a short period of time owing to
the selection pressure (Lazsaridis et al., 2016; Orlando et al., 2013, 2015; Somel et al., 2016).
Moreover, studies of ancient genomes also allow researchers to trace back the age of functional
alleles across time. However, the fragmentation of ancient DNA due to post-mortem changes,
limits the read length of DNA molecules between 60 to 150 bp length, which is shorter than
the read length generated by Illumina sequencing technology (Miller et al. 2008; Briggs et al.
2009). Moreover, this fragmented nature of ancient DNA (aDNA) also prevents sequencing using
paired-end approaches. Therefore, often single-end sequencing has been preferred to sequence
aDNA and subsequently, read-depth approaches have been used to identify SVs (Lin et al., 2015;
Sudmant et al., 2015). In this thesis, SVs were identified in aDNA prepared from an aurochs
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sample using a read-depth approach as implemented in CNVnator. We reported that about 80%
of the total duplications identified in the aurochs sample are still segregating among modern
cattle. In fact, we also identified one shared deletion between ancient aurochs and the studied
cattle breeds which likely have the same break-points. Therefore, it can be hypothesized that
many of the SV between aurochs and modern cattle are identical by descent. Moreover, It is
likely that such SVs might be under selection because of the adaptive advantage they confer.
In human, a recent study has identified a shared deletion event between ancient Neanderthals
and modern non-African human populations which the authors attributed to introgression from
the Neanderthals (Sudmant et al., 2015). Similarly, we hypothesized that secondary introgres-
sion from aurochs in European cattle might have led to frequency differences of “introgressed
SVs” between European and non-European taurine. However, such study awaits sequence data
from ancient aurochs sample with substantially much higher coverage than those currently avail-
able.
7.4.4 Challenges of SVs identification in livestock
SVs can be identified from various types of data generated by WGS, comparative genomic
hybridization (CGH) and SNP arrays (Alkan et al., 2011). However, studies have reported a
low agreement in the SV identified from different data sources in the same individual (Pinto
et al., 2011; Zhan et al., 2011). For instance, Zhan et al. (2011) identified SVs using three
different platforms (WGS, SNP array, and CGH) in the same individual and observed only a
maximum of 23% overlap among these platforms. Moreover, studies have also reported low
agreement between different CNV callers used on the same platform (Legault et al., 2015; Pinto
et al., 2011). Indeed, different algorithms used for SVs identification have their own strengths
and limitations. For example, Lumpy, which uses split-read and discordant reads to identify
SVs, can identify small SV events reliably compared to the large events in repetitive regions of a
genome. Moreover, in other platforms such as SNP array, a large fluctuation in signal intensity
data due to relatively bad DNA quality can lead to the identification of false positive SVs.
Furthermore, sometimes SV identification algorithms are optimized using data only generated
in humans, which makes the comprehensive SVs identification in non-model organisms difficult.
Therefore, selection of proper tools and optimizing post-filtering strategies to generate reliable
and reproducible SV set in livestock is a major challenge for researchers.
Across all the SVs identification platforms, the quality and quantity of SVs heavily rely on a good
reference genome assembly. For example, in SNP array, the hybridization probes to capture the
variants of interest are designed from the reference genome, while alignment against the reference
genome is often the first step in re-sequenced data produced using WGS approaches. Therefore,
it is essential that the reference genome is as complete, correctly assembled and error-free as
possible so that SV can be reliably identified. Unfortunately, often the reference assembly in
livestock genomes are incomplete with relatively high errors, which may cause misinterpretation
of the underlying sequences involved in SV. For example, Zimin et al. (2012) identified 39 Mb
of sequences which were incorrectly assembled as segmental duplications in the Btau4.1 cattle
reference assembly. Using an SNP array platform, Zhou et al. (2016) identified 9 frequent
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false-positive copy number variable regions which were attributed to assembly errors. In fact,
in chapter 5, we also reported that underlying probes covering the same regions show different
signal intensities between cows and bulls, supporting the findings of Zhou et al., (2016). Also,
in the same chapter, we identified an abundance of CNVs between 72 and 74 Mb region of
chromosome 12, which partly can be attributed to assembly errors as the size of chromosome
12 in the new cattle genome build (ARS-UCD 1.2) is about 2 Mb shorter compared to that of
UMD3.1. Therefore, working with incomplete genome-builds for SVs identification requires that
results should be interpreted with caution.
Balanced SVs such as translocations and inversions, which do not change the overall copy number
of the sequences, are difficult to identify with the current sequencing technologies. Therefore, this
likely is one of the reasons for the underrepresentation of such events in genomic data obtained
from livestock studies. Nevertheless, studies have shown that events such as translocations can
have a significant impact on phenotypic diversity like, e.g., the KIT gene translocation affecting
coat colour in Belgian blue and Brown-swiss (Durkin et al., 2012). In chapter 5, we also confirmed
that this translocation is quite frequently present in British cattle breeds. However, the lack
of phenotypic information meant that the effect of this translocation in these breeds could not
be investigated. In fact, linking phenotypes with underlying genotypes is the most crucial goal
of livestock genomics. Therefore, detailed and extensive phenotypic information from large
numbers of individuals is essential to allow the proper understanding of underlying genotypes.
To this end, it is also required that proper genome annotations are available for the genome
assemblies for livestock.
7.5 Genomic characterization of European cattle:
combining information from SNP arrays and
whole genome sequences
Conservation management of a population requires a thorough understanding of the pattern of
admixture, demography and genetic diversity. Moreover, scanning the genomic sequences in a
population may unravel the genomic basis of adaptation. Native local cattle breeds have inhab-
ited their respective environments for many centuries. However, limited availability of literature
related to breed history for some populations may act as a hurdle in their conservation man-
agement. The distribution of genomic variations in a population provides reliable information
about breed history. However, a question may arise regarding the type of genomic variations
that should be used for genetic characterization. Although genotyping microsatellite markers
in animals is more economical than SNP arrays, it provides only partial information concern-
ing demographic history assessed through LD and ROH (Herrero-Medrano, 2013). Inferences
based on SNP arrays and WGS indicated similar demographic history for European cattle pop-
ulations. These results show that despite the small ascertainment bias, the currently available
BovineHD genotyping arrays are very useful in deriving statistics related to genetic diversity
and demography.
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The results obtained from the studies described in this thesis demonstrate demographic history
and admixture as two of the most important forces driving the distribution of genomic variations
in cattle populations. Moreover, I also demonstrated that substantial genetic diversity exists
among European cattle population which can be attributed to the founder effects involving
migration of Neolithic farmers as well as gene-flow from non-European taurine cattle populations.
For instance, BAI cattle breeds displayed high heterozygosity as well as an abundance of common
and unique SV. These results partly can be attributed to the fact that among all the cattle
breeds studied in this thesis, geographically, BAI cattle breeds are the closest to the centre of
domestication.
Most of the native cattle breeds are still reared in small farms using conventional management.
However, differences in breeding strategy between farms can lead to heterogeneous population
structure. For instance, in chapter 4, sub-structure was identified in the two Swedish cattle
breeds-Fja¨llna¨ra and Ringam˚alako. Moreover, It was also demonstrated that cross-breeding
between local cattle breeds is also a prominent factor contributing to genetic diversity. Con-
versely, low genetic diversity due to genetic isolation in Iberian cattle breeds—Mirandesa and
Cachena—and Swedish cattle breeds—Va¨neko—requires conservation efforts. I propose cross-
breeding with individuals from phenotypically similar breeds might be a sustainable approach
to conserve the breeds at risk, for instance, Ringam˚alako in case of Va¨neko. This might enhance
the genetic diversity in such genetically isolated breeds. In fact, such conservation steps have
already been carried out in the Maltese cattle breed, where Chianina bull has been used to
increase the genetic diversity in this breed.
In this thesis, using SNP array as well as a whole genome sequencing approach, many common
as well as novel SVs were identified. These results could indicate that native cattle breeds
harbor unique genomic variants which might play an important role in adaptation. Moreover,
in chapter 6, novel SVs have been exclusively identified in African taurine and Indian zebu.
These results could indicate that SVs plays a vital role in population differentiation. However,
determining the break-points of SV events was a major challenge in the studies performed in
this thesis. Perhaps, in the future, the availability of sequence data produced by long read
sequencing approaches may help resolve this issue.
7.6 Concluding remarks
This thesis provided detailed insights into how demographic changes and admixture patterns
have contributed to genomic variation among European cattle breeds. The results in this thesis
suggest a contribution of non-European taurine and ancestral wild aurochs populations, which
warrants further investigation concerning adaptive introgression. Moreover, the results related
to genetic diversity and population structure are valuable for conservation management of native
cattle breeds. In this thesis, I also identified novel and lineage-specific structural variations which
can be targeted by future association studies.
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Summary
Summary
A large diversity exists among European cattle breeds which can be attributed to population
genomics forces such as migration, demography, and selection. These forces determine the dis-
tribution of variations such as single nucleotide polymorphisms (SNP) and structural variations
(SV) in the genome. While the effect of these population genomics forces, as well as the distribu-
tion of genomic variations, have been studied extensively in commercial European cattle breeds,
very few studies have focused on traditional and primitive cattle breeds of Europe. Therefore,
this thesis aimed at providing a comprehensive overview of genomic admixture, demography,
and variations in European cattle breeds using genome-wide SNP markers.
In chapter 2, the genome-wide SNP data indicated that many European cattle breeds display
zebu and wild local aurochs ancestry in their genome. Therefore, the high divergence of Balkan
and Italian cattle breeds can be attributed to zebu ancestry present in their genome. In this
chapter, comprehensive overview of shared genomic variants was provided between wild local
aurochs and different European cattle populations. These results suggested the possibility of
several instances of intermating between wild local aurochs and ancestors of modern European
cattle. Additionally, runs of homozygous genotypes also indicated that several Iberian and
Italian cattle breeds have undergone a recent reduction in effective population size.
In chapter 3, we collated the genotyping data of various African and zebu cattle breeds available
in public database to characterize African taurine and zebu ancestry in more detail. Additionally,
we also made use of individual whole genome sequencing information to perform a comparative
evaluation of genetic diversity in European cattle. The results showed that Italian cattle display
high genetic diversity which can be attributed to the diverse founder population. In line with the
previous studies, the influence of African taurine ancestry in Iberian cattle was also reported
in this chapter. Further, we show that like central Italian cattle breeds, Busha also displays
complex non-European ancestry—African taurine and zebu—, probably indicating the common
origin of this ancestry in various Balkan and Italian cattle populations.
In chapter 4, genetic relatedness, diversity and demographic history of native Swedish cattle
breeds were studied using genome-wide SNP markers. The results indicated that these cattle
breeds could be classified into two genetic clusters: Swedish mountain cattle breeds (including
Bohus Polled) and horned cattle breeds from southern Sweden. Interestingly, we also identified
sub-substructure within a Fjallanra population which corresponded to their farm of origin.
Moreover, the results also indicated a relatively high genetic diversity in Swedish mountain
cattle. Additionally, low genetic diversity was observed in Vaneko and Ringamalako which can
be attributed to their genetic isolation. Comparative evaluation of genotyping data of various
northern-western European cattle breeds indicated little contribution in gene pool of native
Swedish cattle.
In chapter 5, identification and distribution of copy number variations (CNVs) were assessed
using signal intensity from SNP genotyping array. The results indicated differences in CNV
profile between different European cattle populations, indicating the effect of demography and
selection. Moreover, enrichment analysis showed that CNVs are enriched in the genomic regions
related to olfactory processes and immunity. Additionally, structural variation involving KIT
genes, which has been associated with coat-color sidedness in Belgian blue cattle in the previous
study, was also identified in English longhorn samples, indicating its role in coat color diversity
in the population.
In chapter 6, three different approaches—paired-end read, split reads and read-depth—were
employed to identify SVs in individual whole genome sequences of cattle. Similar to chapter
5, differences in SVs profile was observed between African taurine, zebu and European taurine,
indicating the effect of demography. However, these results in parts can also be attributed
to reference genome which is assembled from European taurine individual. The analysis also
identified lineage-specific SVs in different cattle populations, indicating their role in population
differentiation. Additionally, CNVs were also identified from ancient aurochs whole genome
sequences using the read-depth approach. The results identified a high sharing of duplication
event between aurochs sample and modern European cattle, which can be attributed to recent
evolutionary split between these two populations. Finally, the approaches identified many SV
associated with traits related to meat quality, coat color and metabolism, which can be targeted
by future association studies.
Finally, in chapter 7, I discuss the findings of all the previous chapters in relation to what is
known so far with respect to genomic admixture, diversity, and demography of European cattle.
I also discuss the strength and limitations of the approaches employed in the thesis. I also put
forward hypotheses of a demographic scenario involving complex admixture pattern in Balkan
and Italian cattle breeds. I also discuss the possibility that zebu ancestry could be playing an
important role by providing increased fitness to some European cattle. I also discuss the need of
additional ancient aurochs samples representing different time periods and geographical ranges
to answers the questions related to cattle domestication in Europe. I conclude by highlighting the
practical implication of the information related to genetic diversity and structure in conservation
management of native cattle breeds.
Samenvatting
Samenvatting
Er bestaat een grote diversiteit tussen Europese runderrassen welke toegeschreven kan worden
aan diverse factoren die van invloed zijn op het genoom, zoals migratie, demografie en selectie.
Deze factoren bepalen de verdeling van de waargenomen variaties in een genoom zoals puntmu-
taties (“single nucleotide polymorphism”, SNP) en structurele variaties (SV). Terwijl het effect
van deze factoren op het genoom alsmede de verdeling van de genoomvariatie uitvoerig zijn
bestudeerd in commercie¨le Europese runderrassen, hebben slechts enkele studies zich gefocust
op traditionele en primitieve runderrassen in Europa. Daarom is er in dit proefschrift getracht
om met behulp van genoom-wijde SNP merkers een uitvoerig overzicht te verkrijgen van de
demografie en genomische vermenging en variatie binnen Europese runderrassen.
In hoofdstuk 2, laat ik zien dat het genoom van veel Europese runderrassen, sporen vertoont
van het Europese oeros en zebu. Ik veronderstel dat de hoge mate van divergentie van Balkan
en Italiaanse runderrassen toegewezen kan worden aan het inkruisen van zebu in het verleden.
In dit hoofdstuk, geef ik ook een uitgebreid overzicht van overeenkomstige genetische varianten
tussen het wilde lokale oeros en diverse Europese runderpopulaties. Deze resultaten suggereren
de mogelijkheid dat in meerdere gevallen een kruising tussen het wilde oeros en voorouders van
de moderne Europese rundveerassen heeft moeten hebben plaatsgevonden. Verder toon ik ook
aan dat verschillende Iberische en Italiaanse rundveerassen een recente reductie in effectieve
populatiegrootte hebben ondergaan.
In hoofdstuk 3, combineer ik de genotypeerdata van diverse Afrikaanse en zebu runderrassen,
waarvoor data voorhanden is in publieke databases en mijn data van de Europese runderrassen,
en kom zo op een meer gedetailleerde karakterisatie van de mate van de genetische inbreng
van zebu en Afrikaanse runderen in deze Europese rundverrassen. Daarnaast, heb ik gebruik
gemaakt van complete genoomsequenties van individuele dieren voor een vergelijkende evaluatie
van de genetische diversiteit van Europese runderen. Hiermee toon ik aan dat Italiaanse runderen
de hoogste genetische diversiteit laten zien, wat toegeschreven kan worden aan een diversiteit
voorouder populatie. De resultaten beschreven in dit hoofdstuk tonen ook een Afrikaanse tau-
rine oorsprong aan in Iberische runderen en dit is in lijn met bevindingen uit eerdere studies.
Verder laat ik zien dat, vergelijkbaar met Centraal Italiaanse runderrassen, ook Busa een com-
plexe niet-Europese, Afrikaans taurine en zebu, oorsprong laat zien, mogelijk als gevolg van een
gezamenlijke oorsprong van de diverse Balkan en Italiaanse runderen.
Hoofdstuk 4 beschrijft een studie naar de verwantschap, diversiteit en demografische geschiede-
nis van lokale Zweedse runderrassen op basis van genoom-wijde SNP merkers. De resultaten
wijzen erop dat deze rassen geclassificeerd kunnen worden in twee genetische clusters: Zweedse
bergrunderassen (inclusief Bohus Polled) en gehoornde runderrassen van Zuid Zweden. Interes-
sant is ook dat ik in staat was om een substructuur aan te tonen binnen de Fjallanra populatie,
welke correspondeert met de boerderij waarvan de dieren afkomstig zijn. De resultaten tonen
verder een relatief hoge genetische diversiteit aan van de Zweedse bergrunderen. Dit in tegen-
stelling tot de lage genetisch diversiteit van de rassen Vaneko en Ringamalako, die verklaard kan
worden uit de genetisch isolatie van deze rassen. Een vergelijking van de genotypeerdata van
diverse noordwest Europese runderrassen toont een geringe bijdrage aan de genetisch diversiteit
van lokale Zweedse runderen.
In hoofdstuk 5, beschrijf ik de identificatie en distributie van CNVs (afkorting voor de Engelse
term “copy number variation”). De resultaten, gebaseerd op de signaal intensiteit van SNP
genotypeerdata, tonen verschillen aan in de CNV profielen van verschillende Europese runder-
rassen waarschijnlijk het gevolg van verschillen in demografie en selectie. Een verrijkingsanalyse
toont aan dat er meer CNVs gevonden worden in genoomregio’s gerelateerd aan reukzin en
afweermechanismen. In het Engelse ras “English Longhorn” vond ik een structurele variatie
rond het KIT gen, die eerder gevonden was in het runderras Belgische Blauwe. Deze structurele
variatie speelt waarschijnlijk een rol bij de specifieke kleurvariaties binnen dit ras.
Hoofdstuk 6 beschrijft de resultaten van drie verschillende methoden voor het opsporen van
structurele variaties in het genoom van runderen gebaseerd op complete genoom sequenties.
Vergelijkbaar met de resultaten beschreven in hoofdstuk 5, worden verschillen in SV profielen
gevonden tussen zebu, Afrikaanse en Europese runderen die wijzen op het effect van verschillen in
demografie. Echter, deze verschillen kunnen voor een deel ook het resultaat zijn van het gebruik
van het referentiegenoom, dat afkomstig is van een Europees individu. In de analyse, worden
ook een aantal ras specifieke SV gevonden binnen diverse runderrassen, wat een rol hiervan sug-
gereert in populatie differentiatie. Ook in het oeros sample konden CNVs aangetoond worden
en deze resultaten tonen een hoge mate van overeenkomst met CNVs van moderne Europese
runderen. Dit kan verklaard worden uit de vrij recente splitsing tussen deze twee populaties.
De verschillende methoden resulteerden uiteindelijk in een groot aantal SV waarvan velen ge-
associeerd blijken te zijn met kenmerken als vleeskwaliteit, kleur van de vacht en metabolisme,
allen goede targets voor toekomstige associatiestudies.
In hoofdstuk 7, tenslotte, bediscussieer ik alle resultaten die in de voorgaande hoofdstukken
zijn beschreven in relatie tot de huidige kennis m.b.t. genomische vermenging, diversiteit en de-
mografie van Europese runderen. Ik bediscussieer ook de sterkte en beperkingen van de diverse
methoden zoals beschreven in dit proefschrift. Ik postuleer een aantal hypothesen voor de-
mografische scenario’s gebaseerd op complexe patronen van genomische vermenging van Balkan
en Italiaanse runderrassen. Daarnaast bediscussieer ik de mogelijkheid dat genetisch variatie
afkomstig van zebu, een belangrijke rol speelt in een verhoogde fitness van sommige Europese
runderen. Verder benadruk ik de noodzaak voor additionele DNA samples van het oeros die ver-
schillend tijdsfasen en geografische gebieden vertegenwoordigen. Deze zijn nodig om een beter
inzicht te verkrijgen van het domesticatieproces van het rund in Europa. Ik sluit het hoofd-
stuk af met het benadrukken van de praktische toepassing van de informatie m.b.t. genetische
diversiteit en populatiestructuur voor het behoud en beheer van lokale runderrassen.
Sammanfattning
Sammanfattning
En stor fenotypisk variation fo¨rekommer hos Europeiska no¨tkreatursraser, som populations-
genetiskt kan ha¨nfo¨ras till effekterna av migration, demografi och selektion. Dessa faktorer
p˚averkar fo¨rdelningen av genetiska varianter, s˚asom SNP-marko¨rer och strukturella variationer
(SV), mellan olika populationer. Effekten av dessa faktorer samt distributionen av genetiska vari-
anter a¨r va¨l dokumenterade i kommersiella europeiska no¨tkreatursraser. Da¨remot a¨r kunskapen
begra¨nsad om hur situationen a¨r hos traditionella och primitiva europeiska no¨tkreatursraser.
Denna avhandling syftar da¨rfo¨r till att ge en o¨kad kunskap och en o¨verblick om genomisk och
genetisk variation hos de traditionella europeiska no¨tboskapsraserna med anva¨ndning av SNP-
marko¨rer som ta¨cker hela genomet.
I kapitel 2 visar jag att m˚anga europeiska no¨tboskapsraser har genvarianter som ha¨rstammar
fr˚an b˚ade zebu och lokala uroxar. Jag fo¨resl˚ar att den ho¨ga divergens som finns hos boskap-
sraser fr˚an Balkan och Italien kan ha¨nfo¨ras till zebu-inslag. I detta kapitel ger jag ocks˚a en
o¨vergripande beskrivning av genomisk variation mellan vilda lokala uroxar och olika europeiska
no¨tkreaturspopulationer. Dessa resultat indikerar ett signifikant genflo¨de mellan vilda lokala
uroxar och de tidigaste populationerna av domesticerade europeiska no¨tkreatur. Dessutom visar
jag att flera iberiska och italienska no¨tboskapsrasers effektiva populationsstorlekar nyligen har
minskat.
I kapitel 3 samlade jag genotypdata fo¨r olika afrikanska no¨tkreatursraser samt raser av zebutyp
som finns tillga¨ngliga i publika databaser fo¨r att mer i detalj karakterisera graden av taurint
(bos taurus)- respektive zebu (bos indicus)-ursprung i dessa boskapsraser. Dessutom anva¨nde
jag genomsekvenser fr˚an specifika individer fo¨r att go¨ra en ja¨mfo¨rande utva¨rdering av genetisk
m˚angfald i europeiska no¨tkreatursraser. Jag visar att italienska no¨tkreatur har ho¨g genetisk
variation som kan ha¨nfo¨ras till att ett stort antal individer domesticerades. Inflytandet av
afrikanska taurina no¨tkreatur som tidigare rapporterats hos iberiska no¨tkreatur bekra¨ftades i
detta kapitel. A¨ven busa-djur fr˚an Balkan uppvisar ett komplext ursprung med genetiskt bidrag
fr˚an b˚ade afrikanska taurin och zebu, vilket indikerar att vissa no¨tkreatursraser fr˚an Balkan och
Italien har ett gemensamt ursprung.
I kapitel 4 studerades genetiskt sla¨ktskap, variation och demografisk historia hos alla ka¨nda sven-
ska lantraser. Vi genotypade hela arvsmassan med en uppsa¨ttning av SNP marko¨rer. Resultaten
visade att dessa no¨tkreatursraser kan klassificeras i tv˚a genetiska grupper: svenska fja¨llkoraser
(inklusive bohuskulla) och no¨tkreatursraser fr˚an so¨dra Sverige (va¨neko och ringam˚alako) vilka
b˚ada har horn. Intressant nog kunde jag ocks˚a p˚avisa understrukturer inom rasen fja¨llna¨ra ko
som motsvarade olika ursprungsg˚ardar. Dessutom indikerade resultaten ocks˚a relativt ho¨g grad
av genetisk variation hos svenska fja¨llkor. Da¨remot observerades endast l˚ag grad av genetisk
variation hos b˚ade va¨neko och ringam˚alako vilket kan ha¨nfo¨ras till deras genetiska isolering.
Analyserna visade dessutom att de svenska lantraserna saknar eller har mycket l˚agt sla¨ktskap
med andra analyserade nordva¨steuropeiska no¨tkreatursraser och da¨rmed har en unik uppsa¨ttning
genetiska varianter.
I kapitel 5 identierades kopietalsvariation (copy number variation; CNV) och hur dessa a¨r dis-
tribuerade hos olika europeiska no¨tkreatursraser. Det gjordes genom att analysera signalinten-
sitet fr˚an SNP-genotypning av arvsmassan. Resultaten p˚avisade skillnader i CNV-profil mellan
olika europeiska no¨tkreaturspopulationer, vilket indikerar effekter av demografi och selektion.
CNV visades vara vanliga i genomiska regioner som inneh˚aller gener med funktioner relater-
ade till olfaktoriska processer och immunsystemet. Dessutom identifierades hos rasen engelsk
l˚anghornad boskap strukturella variationer som involverar KIT -gener, som tidigare har fo¨rknip-
pats med en specifik pa¨lsfa¨rg hos rasen belgisk bl˚a.
I kapitel 6 anva¨ndes tre olika analysmetoder av helgenomsekvensdata (paired end read, split
read, samt la¨sdjup), fo¨r att identifiera strukturell variation (SV) i enskilda helgenomsekvenser
av no¨tkreatur. I likhet med vad som observerades i kapitel 5 uppta¨cktes a¨ven skillnader i
SV-profil mellan afrikansk taurin, zebu och europeisk taurin, vilket indikerar effekten av olika
demografi. Resultaten kan delvis ha p˚averkats av att referensgenomet a¨r fr˚an en europeisk
taurin individ. Analysen identifierade ocks˚a linjespecifika SV i olika boskapspopulationer, vilket
indikerar att SV har en betydelse vid differentiering av populationer. Dessutom identifierades
a¨ven CNVs i sekvenser som kommer fr˚an arkeologiska uroxe-prover. Resultaten visade mycket
stora likheter mellan moderna europeiska no¨tkreatur och uroxen vilket ba¨st kan fo¨rklaras av
den relativt korta tid som har fo¨rflutit sedan domesticeringen samt ett visst genflo¨de mellan
populationerna innan uroxen dog ut. Sammanfattningsvis identifierades m˚anga SV relaterade
till ko¨ttkvalitet, pa¨lsfa¨rg och metabolism. Resultat som kan vara va¨rdefulla att beakta vid
framtida genetiska associeringsstudier.
Slutligen diskuterar och sammanfattar jag i kapitel 7 resultaten fr˚an alla tidigare kapitel i
fo¨rh˚allande till vad som hittills a¨r ka¨nt ro¨rande genomiska varianter och deras demografi hos
europeiska no¨tboskap, d.v.s. hur populationer har korsats och da¨rigenom p˚averkat varandra
genom effekterna av s.k. admixture. Jag diskuterar ocks˚a styrkan och begra¨nsningarna i de
metoder som anva¨nds i avhandlingen. Jag la¨gger fram hypoteser om ett demografiskt komplext
scenario da¨r no¨tkreatur fr˚an Balkan och Italien har korsats och vilka effekter detta har haft. Jag
diskuterar ocks˚a mo¨jligheten att inkorsning av zebu kan ha spelat en viktig roll genom att ge o¨kad
fitness i vissa europeiska no¨tkreatursraser. Jag diskuterar ocks˚a behovet av att sekvensera yt-
terligare uroxe-prover som representerar olika tidsperioder och geografiska omr˚aden fo¨r att svara
p˚a fr˚agor som ro¨r domesticering i Europa. Jag konkluderar med att belysa vilken praktisk imp-
likation kunskapen om genetisk variation och struktur har i bevarandet av no¨tkreaturslantraser
i olika la¨nder i Europa.
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